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Frontispiece: 
The inspiration for much of this project. 
The picture shows damage caused by a beam of infra-red 
laser 'light' on the surface of a germanium mirror. 
The spacing of the pattern bars is lO.6rm ----- the 
same as the free space wavelength of the laser 
radiation. 
(To be placed folloWing the title page). 
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A.l 
A study of the design and development of transversely 
excited atmospheric pressure carbon dioxide lasers has been 
carried out. Three lasers were constructed with output 
energies ranging from a few millijoules to several joules. 
Damage in transmitting output mirrors is one of the limiting 
factors in the development of high energy density carbon 
dioxide lasers. One form of damage in uncoated germanium 
components is characterised by regular patterns. 
A detailed examination of these damage patterns on several 
mirrors has been carried out using both optical and electron 
microscopy. 
A semi-quantitative physical model describing the damage 
structure formation is proposed, and good agreement with 
experimental observation is found. 
The thesis goes on to examine in depth particular aspects 
of the model with the object of making the analysis fully 
quantitative. 
The thesis concludes by preparing the necessary data base 
for quantitative computer modelling. A full description is 
prepared of the behaviour of all the relevant physical 
parameters characterising germanium from room temperature to 
melting point temperature (300K - 1210K). 
Cv) 
The technique adopted is to use a theoretical (or sometimes 
empirical) framew6rk within which to extrapolate from available 
published data into parameter ranges not hitherto available. 
For germanium, numerical values have been assigned to all 
relevant physical parameters (thermal, electrical and optical) 
over the full temperature range. 
The way is now open for computer simulation of. the interaction 
between laser radiation and germanium under a wide variety of 
c~rcumstances. 
A significant refinement of the model describing damage 
structure has already occurred. 
When the magni tudes and temperature variation ofe' and e; " 
for germanium were established, the particular model behaviour 
of germanium suggested a generalised view of the behaviour 
of other materials. At the time of writing, the model is 
being adapted to account for the observations of other 
workers on a wide variety of other materials. 
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1.1 
Section 1 INT«ODUC'rION 
1.1 Scope of project. 
The 9roject was set up to provide experience of laser design, 
construction and operation. Lasers were in a ferment of 
development at the time. One branch of gas laser evolution 
just emerging was operation at atmospheric pressure. The 
immediate objective was to design and construct a CO2 T.E.A. 
laser which would deliver a substantial pulse energy. 
The future course of development of the project beyond 
achieving a successful laser design was at the outset left 
entirely open; it was thought that examination of the inter-
action between laser radiation and thin films might be 
fruitful. This would bear a relationship to interes~already 
established. 
Work was being done by others in the section on LR. Modulators 
based on the principle of plasma edge shift. The thin film 
materials were (to have the required electron concentration 
rv 1025 _ 1026 m-3 ) semiconducting. The expertise required 
for growing thin films was therefore available. 
Thus the project was undertaken with a clear definition of 
first objective, and an approximate idea of the direction of 
development. 
Producing a first class laser design took two years and three 
completed prototypes. The output pulse energy increased by 
1.2 
orders of magnitude from one design to the next. As is 
usual, a major constraint was finance. Ingenuity often had 
to circumvent the need for cash; the early high voltage (50kV) 
low inductance storage capacitors, for instance, were con-
structed from cooking foil . 
Toward the end of the laser design stage of the project, when 
the most powerful model was brought into service, a number of 
germanium output .mirrors. were damaged in succession. 
Microscope examination revealed a very surprising feature---
the damage in certain areas was very highly structured. The 
pattern had two recognisable periodicities, mutually perpen-
dicular to each other. One interval in the damage over the 
I 
surface was about one free space wavelength. 
An extensive examination of the damage on several etalons 
El 
was done using both elctron arid 
I 
i 
i , 
optical microscopy. 
Naturally various hypotheses 
; 
were 
t 
proffered by various 
individuals. ~/ith a pattern ~pacing 
I 
of A 0' some form of 
interference pattern was a faiourite candidate. But none 
of the more usual interferencJ mechanisms could be worked 
into a scenario which would p)oduce the observed effects-
j 
well not to complete satisfaction anyway. 
I 
The initial observations were ,published in Applied Physics 
Letters (publication attached)'. There was a strong initial 
interest amongst the scientific community; germanium windows 
were widely used at the time. 
1.3 
Ger:nanium as a window material turned out to be relatively 
easily damaged as the achievable pulse powers increased. 
Gallium Arsenide windows were used to replace them, and the 
scientific community's interest in germanium waned. 
But there were features about the mechanism of damage pattern 
formation still unresolved. Principal amongst them was the 
question of the exact nature and exact source of the radiation 
interfering with the main laser beam. The more the questions 
were raised, the more frustrating and the more baffling it 
became to explain the observations in detail. The challenge 
became increasingly pov/erful until it was irresistable. The 
patterns were there, and repeatable. A causal sequence of 
events must exist. To improve the level of analysis became 
a primary objective of the work. 
The project moved from the essentially practical phase of 
laser development into a predominantly analytical stage. 
Now the number of specialist areas of knowledge upon which 
it became necessary to draw began to proliferate, The 
situation under study was one of intense electromagnetic 
radiation producing a very particular form of damage upon 
a semiconductor. Thus a knowledge of the generation and 
propagation of electromagnetic fields, especially along 
interfaces was required; as also was the electrical and 
optical behaviour of a semiconductor throughout a very 
wide temperature range. These two areas may again be 
broken down into a large number of topics. Most of the 
1.4 
useful development of the subject areas of interest had 
tU\<<:1l place since circa 1960. The author, with a first degree 
daLed 1959, was effectively takinG on this problem with a clean 
Perh:;ps it was this naivety which made possible the suggestion 
thaL the searched for secondary source of radiation which 
was "needed" to produce an interference pattern was the 
"lin'"ar melt" seen in the electron micrographs; and that 
theL;o were produced by avalanche breakdown within the 
germanium under intense electric field. Eyebrows were raised! 
Avalanche breakdown at 1014Hz? 
Never the less," for the first time, the radiation that might 
be expected from such a "current filament" would interfere 
to produce the observed effects. 
The results of the photographic examination, and the proposition 
descrlbing the source and nature of the secondary radiation 
were published in "Laser and Optics Technology". 
To cunsolidate this ground, the likely nature of an avalanche 
bre:~kdown was thoroughly investigated. Seurces describing 
breaJ<down, including breakdown at zero frequency (d.c.) 
were consulted. The findings of this search are recorded as 
sectlon 5 of this thesis. Even the "lucky electron" turned 
up in a publication from Bass and Barratt. 
The "avalanche breakdown" approach might be thought of as 
a "microscopic" view, in which the time history of individual 
1.5 
electr~ns (and holes) is considered in terms of fields, 
. collisions, and energies. At the enwd of section 5, the 
"avalanche breakdown" proposition was still considered 
plausible, but lacked the power of total conviction. 
To advance the search for the most complete description 
of damage pattern formation available,· the formation of 
"linear melts" was reviewed once again from first principles. 
Only this time the adopted perspective was macroscopic; that 
is, the description is in terms of radiation heating the 
material bulk, which in turn alters the optical properties 
of the material as. its temperature rises. 
An inherent instability produces localised melting, a 
secondary radiation source and an interference pattern. 
To model this, it was deCided to assemble all the necessary 
physical data relating to germanium; this was in preparation 
for eventual use in computer simulations. These aspects 
are covered in sections 6, 7 and 8 of this thesis. Work 
following this project is required to produce the necessary 
software to run the simulations of a laser beam interacting· 
with a germanium window. 
, 
The macroscopic approach and I Ithe microscopic approach are 
not considered incompatible. They are different perspectives 
on the same phenomena. I 
The author regards the macroJcoPiC approach as an indirect 
I 
i 
attack on the problem of the :pattern formation. The investi-
gation does not start with the interference damage, but 
rather with the fundamental physical properties of the 
material (e.g. thermal, electrical and optical). 
1.6 
As a result of this thorough but oblique approach, it has, 
at the time of writing, become possible to put forward a 
proposal to explain on a theoretical basis some results 
obtained by other workers which were,in the terms of the 
Laser and Optics Technology article, anomalous. 
The requirement to meet a deadline with this piece of work 
has prevented a full and detailed account of this latest 
development being included here; a graph (Fig. 9.1) placed 
in the conclusion (section 9) contains the kernel of the 
hypothesis, but time does not allow the required accompanying 
exposition. 
It is intended to submit an account of this latest development 
for publication at a future date. 
The Principles of Lasers. 
2.1 Introduction. 
The possibility of a laser oscillator depends ultimately 
upon the phenomenon of stimulated emission. Einstein (1) 
showed (in 1917) "that molecules distributed in temperature 
equilibrium over states in a way which is compatible ~th 
quantum theory are in dynamic equlibrium with the.Planck 
radiation." This led him to propose stimulated emission 
as a natural phenomenom. Further, by considering not only 
the energy implications but also the momentum implications 
, 
2.1 
of this he deduced that a consistent theory was only achieved 
if it be assumed that each elementary process (of absorption 
and emission of radiation) be completely directional. In 
contrast to the intuitively more natural supposition that 
spontaneous emission of a photon would be isotropic (by 
spherical waves for example) this result of his deductive 
reasoning must have been shattering, but he considered the 
point to be "rather certainly proved"; he adds "I have 
complete-·confidence in the reliability of the method used 
here~tt 
Einstein postulated t~at the energy exchange processes 
between radiation of density. f . and molecules having 
'proper' states Zn and Zm with energies E.. and -c 
n m 
( £m >En ) may be described by:-
dW = An dt ( spontaneous) A m 
dW = B~ I dt } induced B by dW = B: f dt radiation B' 
---1 
, 
where dW is the probability of the emission or absorption 
event taking place in the time dt, and the constants A and 
B which have become known as the Einstein coefficients, are 
characteristic of the molecule and the states m and n under 
\ 
consideration. 
The possibility of equilibrium requires 
- £n/kT 
2.2 
= Pm exp ---2 
(p and p -represent the statistical weight of the states 
m n . 
Zm and Zn and are independent of T.) 
which leads, if r-r:{) as T--- cO', to 
P Bm = p B
n 
n n m m ---3 
and from the condition for dynamic equlibrium, Planck's law 
and Wien's law, it follows that· 
=cLV 
3 
---4 
Cv is the radiation frequency, of. is a constant). 
'Since Einstein, we have 
= 
---5 
and the statistical weight pis now.usually written g, the 
degeneracy (5). 
2.2 ASEH. 
!mplification by §timulat~d ~mission of Radiation found its 
first practical application at microwave frequencies with 
the Maser (2,3). Schawlow and Tawnes (4) proposed (1958) 
that the principles be extended to infrared and optical . 
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frequencies by constructing resonant cavities man~ times 
larger than a wavelength. The function of the cavity is to 
provide a suitably excited atomic or molecular species with 
2.3 
a hig~ radiation density environment at the frequency required 
to induce emission.' 
2.3 LASER. 
The principle features of a Laser will be outlined. Only 
the four level system is described, which is in the order of 
100 x more efficient than a three level system. 
Level 4 is pumped from the ground state by one of the 
generally available means. These are excitation by optical 
illumination, electric discharge, electron beam, chemical 
reaction. k rapid rate spontaneous radiationless transfer 
I , 
to level 3, which is metastable, follows. The lasing levels 
2 and 3 can thus be fairly economically raised to the , 
necessary population inversion, when level 2 is several 
kT above ground level 1. Energy at a frequency V 32 will 
be en:;hanced by stimulated emission on passing through the 
,condi tioned laser medium. Multiple transits of photons are 
achieved using mirrors at each end ,of' a cavity containing . 
the medium. Energy is coupled out via a partially transmitting 
cavity mirror. 
2.4 Threshold con~ition. 
(ref.5 pages 29-31). 
Gain occurs if 
N 
" n 
---1 
. The intensity grows as 
I = Io exp(- ky x ) ---2. 
where ky is the a~sorption coeffic~ent which is a rapid 
function of frequency. ky is negative in the presence of 
po~ulation inversion for frquencies close to Vo' where 
- E. ) n /h ---3. 
Oscillation will occur if the fractional increase of beam 
intensity exp (- k~.2L) during a cavity round trip 
(distance 2L) exceeds the losses. incurred. The main losses 
are due to the mirrors. absorption and scattering by the 
medium. and diffraction. The mirror losses are usually 
dominant. If the reflection coefficients are Rl and R2 
then the round trip fractional energy gain .is 
F = Rl R2 exp(-2k y L) ---4. 
Introduving the gain coefficient of the medium 01. = -k y , 
and a loss coefficient ¥ = _. Ln Rl R2 = - 2 Ln R , where 
R is the geometric mean of the mirror reflectivities (which 
includes the loss due to the output coupling at one mirror), 
the fractional energy gain per round trip becomes 
F = exp 2( eX. L - l( ) 
---5 
If F> 1, oscillation ·amplitude will rapidly build up 
until a limiting mechanism operates, usually N becoming 
m 
depleted causing~ to reduce • 
. Note the available trade-off between oL Land 3-' • 
Greater mirror losses (or percentage output energy pick-off) 
imply increased cavity length, and/or higher threshold level 
for N • 
m 
. I 
--
The time at which aC L ~ '{ may' be controlled by operating 
on 'I (mechanically, electrically, or chemically). Short 
duration giant pUlses are obtained by Q - ,switching. 
Fo~ steady state operation, the maximum gain coefficient 
for the medium.o( , must satisfy:-
m 
, 
oC.m = y. ---6. 
L 
This equation'is the tLresh~ld condition. 
An alternative expression for the threshold condition is 
g ') N ,2 1-
gl 
8 t . ~ 0 2 7( spont V 
2.5 
c3 g( V ) t 
o photon --- 7. 
where g ( V 0 ) is the normalised probability of a photon 
being stimulated in the frequency range Vo and "0 + d V • 
tspont is the spontaneous emission lifetime ,)f the transistion' 
under con'sid0ration, and t h t is photon lifetime in the p 0 on 
cavity. (ref.10 pages 38-41). 
2.5 The Cavity. 
The cavity s'erves to increase the radiation density environment' 
of the excited laser medium, for the purpose of increasing 
the probability of a stimulated emission. At a cavity resonance, 
standing waves build up when energy gain exceeds losses. The 
.essential features area pair of high quality mirrors used to 
ensure for suitable photons a large number of transits through 
the active laser medium. One mirror at least is partially 
transmitting to allow an output coupling from the cavity. 
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Gain 
Doppler width 
Width of Fab"y.PI!'~ 
re-sonanee i-
Laslt,. output - f-
Natural .. _ 
line- width t"-
Cal 
/ \ I t"-. CbI 
A If ~~qu~n \ ey 
A'"<ial modes and linewidths. 
Fig. 2.5. - 1 Laser transi tion 1ineWid th 
I 
Fig. 2.5.1 - 1 Characteristics of Fabry-Perot eta10n 
The diagram shows the transmission as a function of the 
effective spacing for different values of S2, that is of the re-
flectance of each plane. To get a sharp well-defined filter, one 
needs a high reflectance. 
or 
., 
u 
c 
!! 
-
·e 
'" S 
1· 0 1--:::;:>-
o~~~~~~~~ 
2q.1 2q.3 
Effective spacing (4b/~) 
2 S = 0·04 
0·25 
0·75 
0'95 
The transmittance: of an etalon as a function of the effective 
'pacing between the planes 
Note ·that the condition of maximum transmission is 
"'/2 = 1T/2 + qrr 
4b/>. = 2q + I 
where q is an integer. 
I' 
I i 
, , 
FiG. 2 .5 KOGELNIK AND Lf: LASER BEAMS AND RESONATORS 
2.3 Stability of Laser Resonators 
A laser resonator with spherical mirrors of unequal. 
curvature is a typical example of a periodic sequence that 
can be either stable or unstable (6). In Fig. 3 such a 
resonator is shown together with its dual, which is a , 
sequence of lenses. The ray paths through the two struc-
tures are the same, except that the ray pattern is folded in 
the resonator and unfolded in the lens sequence. The focal 
kngths f, and f, of the lenses are the same as the focal 
lengths of the mirrors, i.e., they are determined by the 
radii of curvature R. and R, of the mirrors ([. = R,/2, 
/,=R,/2). The lens spacings are the same as the mirror 
,spacing d. One can choose, as an element of the peri-
odic sequence, a spacing followed by one lens plus another 
"spacing followed by the second lens. The A BC D matrix 
of such an element is given in No. 4 of Table I. From this 
one can obtain the trace, and write the stability condition 
(7) in the form 
o < (1 -~) (1 -~) < L (8) R. R, 
To show graphically which type of resonator is stable 
and which is unstable, it is useful to plot a stability dia-
gram on which each resonator type is represented by a 
point. This is shown in Fig. 4 where the parameters dl R. 
and d/ R, are drawn as the coordinate axes; unstable 
systems are represented by points in the shaded areas. 
Various resonator types, as characterized by the relative " 
positions of the centers of curvature of the mirrors, are 
indicated in the appropriate regions of the diagram. Also 
entered as aiternate coordinate axes are the parameters g. 
and g, which play'an important role in the diffraction 
theory of resonators (see Section 4). 
br1---.... - , .-' .' ' 
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Fig. 3. Spherical-mirror resonRtor and the 
equivalent sequence of lenses. 
Fie. 4. Stability diagram. Unslahlc rcsonntor 
systems lit: in shaded regions. 
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There are several standard caVity configurations. Most laser 
systems (though not all) use a.stable caVity. This implies 
that the spatial amplitude and phase distribution over one 
mirror is, after one transit of the caVity, reproduced at 
the other. Consequently the distribution is (other parameters 
remaining constant) stable with time (e.g.foll~wing multiple 
tran·si ts). Kogelnik and Li (6) publish a stability diagram 
in a useful theory/tutorial paper. 
2.6 
The caVity ·is typically some 105 to 106 wavelengths long. 
Consequently the resonant frequencies (modes) are closely 
spaced in terms of the laser transition linewidth (Fig.2.5-1). 
Oscillation may occur simultaneously at several frequencies, 
when the output is said to be multimode. Generally, to 
ensure single mode operation, some care has to be .exercised 
- . -----in th~·:~design.:and;;operation of the laser. Single mode is 
.'-- --~ - --~ ----, 
considered desireable for many applications, and essential 
for some. 
2.5.1. Standard caVity configurations. 
Plane-parallel. 
The plane-parallel ·caVi ty is the most basic in concept (ref .8)· 
Fig.2.5.1.1), and cons~sts.essentially of a Fabry-Perot 
etalon (11,13 page 21). The transmission as a function of 
wavelength is given by:-
. where It is transmitted intensity 
1i is incident intensity 
---1 
R is the intensity reflectivity 
'tis (4](. L cos 9) /).. , 
eis the· angle between the ray and the optic axis 
't'. Fo~ a laser, if 9 may be taken as zero (TEMoo)' /2 will 
change by 7C for every A L = ~ , The condition for maximum 
2 
, 
transmission is also that required for use of the etalon as 
a resonator (12, page 40), The equation is valid for a passive 
volume between' the mlilrrors, and an external source of radiation, 
For a volume providing gain G(I1) over· a single transit, the 
required expression is (12, page 68) :-
It 
= 
G(l - in2/ (1 2 - RG) , 
li 1 + 4HG 
cos2 ~ (l_HG)2 
2 
---2 
If, as in the laser, the radiation source of intensity S is 
contained between the mirrors, and has an output frequency,:;.. ': ',~ 
distribution S( v ), 
It = S 
G( 1 - H) / ( 1 - HG)2 
, 
1 + ,4HG 
cos2 "2 
(1 _ RG)2 
---3 
,Since Ii is now zero, and a factor' (I-H) has been dropped , 
acc.ordingly, Note that, G(,) ) and S( ~) will usually have the 
same frequency profile, S(;» is now the spontaneous emission. 
Spontaneous emission provides "noise" in 'the output, while 
the coherent output represents amplified noise of narrow 
bandwidth. The coherent outplilt will appear when HG = I, when 
the expression mathematically goes to infinity, Physically 
the gain saturates as a dynamic equilibrium between popUlation 
inversion level and power output (which depletes the in;'ersion) 
so that RG is maintained about unity for the time duration 
of a steady output, 
:,.. 
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Practical aspects of the plane-parallel resonator (10, page 57) 
include the requirement of high precision of alignment ( to 
about 1 s.econd o~ arc) . to avoid "walk off". Diffraction 
losses due to "spill over" are higher than alternative 
c~nfigurations. Boundary requirements of continuity of field 
at the mirror edge effectively place curvature on the output 
wavefront, so that a plane wave does not infact represent 
a normal mode of the resonator. Discrimination for TEMoo mode 
against.higher order modes (by diffraction 10ssJ is only 
about 2:1 (c.f. confocal'" 25:1). The precision alignment· 
renders the plane-parallel configuration susceptible to 
vibration and thermal effects; the dominant mode may well 
be determined by a speck of dirt. and/or optical inhomogeneities. 
The sole merit of the resonator is the high utilisation of 
the laser medium. Its interest ·(as far as gas. lasers are 
concerned) is mainly historical. 
Large radius. 
For a gaussian profile TEMoo beam, the uniphase wave front 
radius (R ) is (10, page 59):-
W; . 
1" 
2 2 ) Rw 7C r bo = A2 2 
x ----4 
where ·rbo is the beam 'waist radius 
x is the distance from the beam waist measured 
along the optic axis. 
For many gas lasers Rw -- 300 m at the mirror position. Thus 
for the mirror surface to co-incide with the wavefront would 
demand mirrors too difficult to make eoo»omivally. In practice 
2.9 
mirrors of radius of curvature ~ 20m are used. They make 
good 'use of the available laser active medium. This configuration 
is used for high power ,output. 
The beam waist radius r bo fora uniphase output obtained 
by'using a laser with mirrors of radii r l and r 2 is 
(10, page 59):-
The beam radius at the mirror rbm is 
and 
For 
( r bm1'f = )...2 r 1
2 L(r2 - L) 
• 
7(2 (rl - L) ('rl + r 2 - L) 
4 t 2 . (rbm2 ) =_. r 2 L(rl - L) 
, 1(2 (r2 - L) (rl + r 2 - L) 
mirrors of identical radius:-
= 
2 2 
>--r 
n::. 2 ' 
L (2r - L) 
4 
,: ~ ; "~' i . -:-;r-;.--<; ~-J 
(2r - L) 
Change in laser length L only "slowly" changes r b • 
Mode selection of TEM by increasing beam radius is not 
, 00 
---5. 
---6 . 
---7. 
---8 .. 
very effective in the large radius resonator. Sensitivity for 
alignment is ...... 10 seconds of arc. 
Confocal. 
(ref. 7) 
= r 
For uniphase output, the mode volume is reduced:-
= 
2.10 
---10. 
---11. 
This cavity is on the boundary between high loss and :lo:w~loss_-_~·_. _:' 
operation. Thus L is set fractionally less than r to ensure low 
loss conditions and stability of operation. Low sensitivity 
to alignment (--- It minutes of arc) makes the confocal 
cavity the easiest to· align. It also has the best discrimination 
against higher. order (transverse) modes (,.... 25: 1) 
Concentric. 
r l + r 2 = L 
If r + r = L, known as spherical. 
On border between high loss - low loss operation. 
As difficult to align as plane parallel. 
Seldom used 'for gas lasers. Some merit in solid state lasers. 
Hemispherical. 
r l slightly less than L 
Has a "conical" mode volume, with diffraction limited "zero" 
rb at' the plane mirror. 
Beam radiUS rbm is very sensitive to L fo~' given r l • 
Mode selection by control of beam radiUS is thus effective. 
Only about 1/3 of cavity volume is effective - lower power 
output. Alignment is straightforWard. 
-, 
. . :; . 
" " 
~ ~'., 
; ........ . 
~; .'::' ,'~-. 
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Laser modes. 
A laser may oscillate at several frequencies simultaneously. 
Each frequency corresponds to a resonance mode of t~e optical 
cavity." Sometimes more than one mode gives rise to the same 
output frequency, when they are said to be deg"enerate. 
Simultaneously oscillating modes degrade coherence (temporal 
and spatial) and amplitude stability (beats) of the laser 
output. Many applications thus require single mode operation 
(TEM~o)' 
Two varieties of mode may be distinguished. 
Longtitudinal or axial modes. 
Cavity resonance occurs when stationary waves are favoured, 
i.e. (for plane mirrors) when:-
n ). 
2 
_ L or J = nc 
~L 
Differentiating yields the mode frequency spacing 
"11,) = L 
2L 
---1 
---2 
For spherical mirrors supporting higher order modes TEM pqn 
, 
the resonance condition is (10 page 66, 14) 
-1 . L 1 (1 + p + q)cos (1 - _ ) 
r 
>.. 
2 
= L ---3 
Transverse modes. 
Any intensity distribution at one mirror capable of reproducing 
itself after a transit to the other mirror represents a stable 
transverse mode. Any linear combination of a number of such 
"modes may also occur. Transverse Electro-11agnetic (TEM ) pq 
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The pattern of several modes is shown in Fig.2 .5. It will be 
understood that the amplitude of the electric or magnetic vector 
is shown in the vertical direction, the polarization always being 
in the (r, cp) plane, i.c. in the plane of a reflector A change of 
sign of the amplitude indicates a reversal of polarization . 
• : o· 
•• (1' 
F".l '2.5.'2. - 2-
AN E7<-rr<f>c-r F';>,,,, O.s.I\f..nv,"NS (R"''' 21) 
. A distinction may be noted in the behaviour assumed for 
the Fabry-Perot system, consisting of two plane end-reflectors in 
free space, and the dosed resonant cavity such as is used in micro .. 
wave work. In the latter case, application of the usual boundary 
conditions indicates that a cavity will be resonant only for certain 
wavelengths, for radiation travelling only in certain directions. Thus 
in a cubical cavity, the possible resonant wavelengths are given by' 
A = 2L/V A2 + B2+ C 2, where L is the length of the cube edge and 
A, Band C are integers representing ihe number of half wavelengths 
in the projection of the resonant mode on the three axis directions. 
For the open-sided Fabry-Pcrot system, and with the assumption of 
infinite plates, a continuous range of wavelengths from A = L/2 
upwards is possible, rcsonances occurring at angles satisfying the 
relation 2Lsin 8 = integer XA. In the case of the microwave cavity the 
boundary conditions are well-defined in that the assumption is made 
of perfectly reflecting walls, so that the amplitude of the electric field 
falls to zero on the containing walls. In the Fabry-Perot case, with no 
side-walls, the boundary conditions to be imposed are less obviously 
defined. The radiation pattern in the cavity needs to match the 
surrounding free-space. In travelling from one of the end plates of the 
Fabry-Perot system to the other, a wave will spread beyond the limits 
of the second plate and some energy will be lost by diffraction. An 
estimate of this diffraction loss is essential for the assessment of the 
Fabry-Perot system as a maser rcsonator. Schawlow and Townes 
assume that the open-sided Fabry-Perot system may be treated in a 
similar way to a closed cavity, with the assumption that the field 
distribution across one cnd-plate may be represented as a sinusoidal 
function sin "Ax/L, where A is an integer. It is also assumed that the 
phase of the wave in the resonant system is constant across the end .. 
plate. Fox and Li have used a Buyghens treatment to determine the 
field distribution in such a system in the following way. As a starting 
point it is assumed that a pl3ne wave of uniform amplitude is launched 
from one of the plates ofthe interferometer. Perfectly reflecting plates 
are assumed, a restriction of no consequence since any uniform rence .. 
THE. MASER IN THE OPTICAL REGION 33 
tion loss may in reality be regarded as added to the diffraction losses 
which arc found. 111e wave is allowed to reflect back and forth a 
large number of timcs, after which it is found that the amplitude and 
phase distribution tends to a constant form, varying only by an overall 
scaling factor on each successive reflection. It is assumed that such a 
distribution constitutes a normal mode of the system. 
x, 
r 
z 
Y, 
Co-ordinates in diffraction problem. 
If u.(x"y,) represents the amplitude of the wave at (x"y,) on the 
(x"y,) plane (Fig. .), then by the usual Kirchhoff treatment, the 
amplitude at (X2,y:z) is given by 
;1< II . e-i1u 
uq+,(X2'y:z} = - u.cxhy,)--(l+cos8jdx1dYl 
. 4'7T r 
where I< = 2"/A and A is the free-spaoe wavelength. If a steady-statc· 
solution of the kind discussed above exists, then the distribution uq 
will be of the form 
-.-.~ 
--, _t 
modes are designated in terms of the number of nodes in the 
mode p~ttern (Fig.2.5.2 - 1). Note the phase difference 
between adjacent lobes of the pattern. 
Fo~any TEM mode, 'there will bea corresponding range of pq 
.. 
2.12 
axial modes TEM seperated by ~/2t Hz, for all values of p,q. pqn 
if 
-1 (1 - ~ ) -re cos = 
r 2 i.e. confocal r = L 
then [n + 1 + 11 + 2 9 ] ).. 2 = L ---4 (ref.7) 
Observe that if p + q is odd, the frequency will correspond 
to that of a TE}! mode of a different n. value--~ the modes 
00 
are degenerate. 
, 
·If p + q is even, the higher order mode will fall ,v:lf way 
between two TEM modea, giving a frequency seperation of 
oon 
c/4L Hz. 
If a field distribution 'F(r' , . ~I) exists over a plane 
(Fig. 2.5.2. - 2), then the field distribution H(r", ~II) 
over a secomd plane may be calculated point by point using the 
Kirchoff integral (12, page 42, 15). A stable cavity pattern 
demands that H = (a + ib)F where a and b are constants. The 
loss per 'transit is (1_- a) • 
. If in Fig. 2.5.2. -' 2, d »(r' or r"), then the obliquity 
factor may be omitted, and L.substituted for din the denominator 
of the Kirchoff integral:-
H = ~ Sf F . exp(-ik(d - L) ) r' d~'dr' ---5 
27CL 
where k = 2 it/ >--
--------~------------------------~ ............ ·, ........ i
.. 
". 
Now 
so that approximately 
, 2 2 
d - L = iL)+ ~)-
2L 2L 
r'r" cos(i' - i") 
L 
2.13 
---6 
---7 
The terms in (r,)2 and (r,,)2 in.the expression for (d _ L) 
preclude an analytical solution of 2.5.2-5 in which (a + ib)F = H. 
Fox and Li (8) produced a computer solution by an iteretive 
technique.Assum~ng a uniform distribution for F to start 
with (spontaneous emission illumination), it was found that 
after about 300 "transits",· a stable pattern emerged. They 
, 
interpreted this as the dominant resonant· mode of the cavity. 
Fluctuations of amplitude at a field point over transits 100 
to 300 were interpreted as beats With the next higher mode as 
it died away. 
By"curving" the planes into a confocal arrangement the terms 
r,2 and rn2 vanish. A solut~on may then· be found by using 
integral transform tables (16) (17), 
exp (- 1 s2 r 2) 
2 bm ---8 
where· s2 = k/L 
and Lan is the Laguerre polynomi al .(18) 
TEMoo mode. 
The dominant.mode emerges as one with a gaussian distribution 
of amplitude:-
1 2 
exp(- _ s 
2 
r 2) bm ---9 
J 
defining a beam concentrated mainly within a radius given, 
by srbm = 3, say. 
Expressed in terms of the intensity I on the beam axis 
.0 
(10, page 52(with 
I = 
where 
error corrected»:-
10 exp[- 2r~m ], 
rm~ 
---10 
---11 
(N.B. r
me
, r be are defined as the beam radius at which. the 
intensity has fallen to 10 ~ 
exl ~ 
In regions othe'r than at the mirrors, 
, 
I = 10 exp [-3:] ---12 
r be 
The semi-angular divergence of the' beam is given by 
oLTEM 
00 = ---13 
and 86.5% of the energy is contained within the radius rb 
e. 
The beam continues to propagate as a gaussian distribution. 
The beam Width rbe asa function of the distance x from 
the beam waist rb is o . 
= rbo 
---14 
2.14 
The beam is approximately constant in radius tor some distance 
after which it increases its angle of divergence until this 
reaches a cpnstant value. 
c.t. a disc ot uniform illumination produces a tar field 
circular fringe system with a.central'bright region 
(Airydisc) containing 84% of the energy. The semi angular 
divergence is 
, 
at. = 1.22 ---15 
uniform 
r bo uniformly illuminated area radius. 
Some general points. 
2.15 
When several modes o.scillate at once, the situation may often. 
be treated as the sum of independent oscillators. Ttis is 
because in many practical cases,. (e.g. laser gas at low 
pressure), the oscillators are sustained by different 
populations of 'excited medium within the bandwidth of the 
transition ("hol'e burning" re!. 19). The situation may well 
be modified for laser gases operating at atmospheric pressure, 
wh'ich should bring a greater sample of the excited gas molecules 
, , 
'into a favourable orientation for emission, thus broadening 
the 'burned hole'. 
To obtain single mode operation, transverse modes may be 
selected out by use of stops, and axial modes may be selected 
out using a further short etalon in series with the long cavity. 
The simple theory suggests that the fundamental transverse 
mode,' having the lowest diffraction loss, should always be 
dominant. This is not always the case. It has been proposed 
(13, page 219) that the greater diffraction losses of the 
higher order modes may be offset by a better volume utilisation 
of the laser medium, ensuring that the larger diameter beams 
,I 
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usually oscillate in a higher order mode. 
Information concerning the active modes of a laser may be 
gained by examinataon of the beat frequencies (~ 100 MHz) 
betwear, the modes. These may be sensed in the output of a : 
su~table non-linear photodetector such as a photomultiplier 
tube or p-i-n photodiode (given that the source wavelength is 
wi thin the spectral response of the detector). Some' apparant 
anomalies are likely to be observed due'to "pulling" which 
will,affect different modes in differing degrees. 
2.5.3. Cavity Q Factor. 
The Q factor of a: cavi ty gives a measure of the resOnance 
bandwidth • The cavity may be described in terms of its 
'passive' Q; on introducing an active medium into the cavity, 
its Q will be raised, and the effective bandwidth narrowed. 
The si tuat'ion i~ analogous to an electrical' frequency 
2.16 
selective amplifier (With a characteristic Q) to which positive 
feedback is applied effectively raising the Q. 
Passive cavity. 
Q = 
Q = Angular frequency 
Fraction of energy lost per second 
Q = 2 7t )~ __ ---!e<.!n!:e~r:..Jg,"y"-",s-"t~o ... r-"e-,,d,--__ 
energy lost per second 
it may be shown:-
---1 
'---2 
---3 
Q = 2 7C L 
(l-R) ).. 
---4 
(12,page 41;7) 
(ifA.({L; (l-R) is total power loss per reflection, sum of 
diffraction + reflection losses). 
2.17 
Considering equation 3 applied to one photon in a cavity 
where the mirrors are of reflectivity Rt and 100% respectively, 
and the losses due to diffraction and absorption are negligible 
in comparison to·ref1ection losses, then:-
On'average a photon will make 1/(1-R1 ) passes before escaping. 
·The time taken is (distance trave11ed)/speed, i:e. \{;~~:~' ... ~~1):~_ .. ~ 
. time in cavity = __ -=2~L~ __ __ 
c(1-R1 ) 
Rate of loss of energy 
= h V c(l-R 1 ) 
2L 
---5 
---6 
The energy stored in·the cavity by one photon = h\l 
Substituting into eqn. 3:- , 
Q = 2~ V 2L 
c(1-R1 ) 
Q = 47t L 
). (l-R1) 
If instead, each mirro.r has reflectivity 
is Q = L 
(l-R) 
R, 
---7 
(ref .10, page70) 
the expression 
---4 
(ref;7jref.12,page41) 
Boyd and Gordon (7) ·point out that if losses are very small 
(R ==' 1), then ther·ptival resolving power (20) 
resolving power = 21(L ---8 
A (I-R) 
·is approximately equal to the cavity Q. 
2.18 
It will be noted that Q increases with resonator length L. 
This holds true until the diffraction and absorption losses 
become comparable.with reflection losses, when further increase 
of length reduces Q. 
.. 
Active can ty. -
,Wi th gain between the reflectors, the denominator of equn. 2 
may in principle become zero, with a corresponding infinitely, 
large Q (narrow lineWidth). In practice, spontaneous emission 
and thermal noise give rise to a finite linewidth, due to 
the random phase so introduced. 
If the dominant factor is spontaneous emission (hV» kT), 
then 5chawlo'w and Townes(4) give the oscillator bandwidth 
Ad (assuming a single mode'may be isolated)as:-
uY osc 
'AVosc = ---9 
p 
0.5. Heavens quotes the alternate form (21; page 31). 
A. ..., osc = _2_t---,-_w--",a __ 
p 
---9a 
where subscript a indicates transition (atomic or molecular) 
,quanti ties, and P is 'l;he power level of the oscillation. 
Convers'ely, if h .c:::<, kT (microwa've maser, (3, 4)}, and the 
energy of stimulated emission is much larger than ttc background 
thermal radiation, then 
---10 
= osc 
p 
I 
2.19 
A noise temparature may be defined by hJIk, which at microwave 
frequencies is' ~ lK. 
In summary, the greater the power level at which the laser 
is operating (single mode), the greater is the stimulated 
emission compared to background thermal radiation and 
\ 
spontaneous emission. Thus the more distinctly Will the coherent 
radiation stand out against the "broadband" background With 
a narrow bandwidth. 
Finally note that from 
p = tA). E 
Q 
comes the useful form 
P=2~ b&V E 
Mode "pulling". 
(ref.13,page 81) 
---2a 
---2b 
Consider a cavity with one (say) available resonant mode 
of frequency V c and linewidthA Vc. The active medium line 
is at Y a of lineWidth A Va , where 6 ~a» A Vc. 
The actual frequency of oscillation Vosc will be determined 
mainly by the higher Q component, and is given by the theory 
covering cOupled oscillations 
as:-
or:-
v osc= Vc + (V a 
y 0 sc = 'Y c + (V a - Vc) Qc 
Q
a 
---11 
---11a 
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When the oscillation of cavity modes is being studied by 
inference from extracted beat.frequenc~es, mode pulling will give 
rise to sets of f~equencies differing slightly from those 
expected from a simple analysis. Mode pulling may remove 
\ degeneracies. 
Section 2.6 Linewidth. 
The linewidth of a laser oscillator is determined by the 
intera.ction of several factors - mainly the cavity Q, and the 
transition linewidth ~V>a. We have discussed the factors 
influencing the cavity Qc. Now the factors contributing to 
Il Va .will be. examined. 
The three main factors are; intrinsic linewidth; Doppler 
" 
broadening; Collision or pressure 
,------------ --. , 
Droadening. (22,: 23). 
, I ' . 
2.6.1. Intrinsic: Linewidth • 
. ~--.- -----_/ 
Linewidth of transition in single isolated atomic·or 
molecular systems, derived from uncertainty principle 
---1 
If the lifetime of a given transition can be measured ,6 E 
may be estimated:-
or 
t:::. (h hl' . t ... h 
spon 
A.J ,;, l/~ spont 
This is the intrinsic linewidth of the transition. 
---la 
---lb 
One implication of this interpretation is that only the ground 
state energy is sharply defined among the stationary states. 
A discussion of Natural lineWidth is given in ref. 24 
(22 pt.2). 
1 
2.21 
2.6.2. Doppler width. 
Due to therandom thermal motion of the radiation sources 
(atoms, molecules), the observed radiation will be subject 
to a Doppler shift in frequency. A distribution of velocities 
\ 
among the sources will give rise to a particular corresponding 
frequency distribution ·profile. A thermal (Maxwell) distribution 
of velocities gives rise to a Gaussian frequency profile. The 
broadening is said to be inhomogenous, because each particular 
atom (or molecule) makes a unique contribution to the overall 
radiation output: 
The .frequency profile is described by:-
g( V ) = . 2~,c' Ln2~t exp L -f J-vo ) , 
7C b. v t lJ. v 
---2 
The peak; 
g(J
o
) = 2( 7t. Ln2)t 
7(. Av 
---3 
The half width; 
b,..,) = 2Vo ( 2kTLn2 r c m a ---4 
(10. page 41; 13, page 44). 
2.6.3 Pressure or collision broadening. 
When a atom (or molecule) is radiating during an energy 
, 
state transition, .if it is subject to a collision or near 
miss, it is to .be eXpected that the radia1:ion process will 
be disturbed. 'A change of phase at this time contributes 
extra Fourier components to the radiated frequency spectrum. 
The line broadening produced is said to be homogenous, 
because it results from the interaction of the fundamental 
particles with each other. 
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The corresponding frequency distribution profile is described 
by the Lorentz expression:-
(The factor A.'; 
27L-
The peak; 
g(V
o
) 
The half width; 
bJ 
= 
= 
-
(10, page 42; 13, 
ensures normalisation:-
2 
7C 1:..1) 
1 
,7t'L 
page 45). 
2.6.4 General remarks. 
J1~ . g(J) 
-<D 
A comprehensive discussion is to be found in ref. :25. 
---5 
---6 
---7 
Any practical frequency profile will be a resultant derived 
from the broadening mechanisms. The combined effect of natural 
and Doppler broadening may be combined by taking an integral, 
since the two effects are independent. The result is the "Voigt 
profile". (23. page 391). 
In many practical cases one effect predominates, e.g. Doppler 
broadening predominates in a light gas (hydrogen, say) at low. 
pressure and at 300 K. 
Other mechanisms for broadening have been discussed in the 
literature (e.g. resonance broadening, ref. 22, page 93). 
, 
·~ ..' 
2.23 
Section 2.6 has dealt with the linewidth of the fundamental 
transition giving rise to the "radiation. It has already been 
pointed out in section 2.5 that an oscillator output frequency 
(Las"er light) and linewidth is primarily determined by the 
. 
relevant .fr.equency determining element of highest Q. This 
is usually a mode of the active cavity, for which .the 
linewidth is narrow compared to the transition linewidt~. 
,. 
--
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Develap!lent of a 
3.1 Introduction. 
CO_ TEA laser 
c: 
'fhe objective Vias to build a laser "::hich would produce 
radiation of sufficient intensity to damage materials 
irradiated by i"t. 
SOHle experience with C.'"~. CO2 lasers operating at 70 W was 
available within the group. The characteristics of C(}2 lasers 
were suitable for the application, and appeared the optimum 
choice in terms of available resources and expertise. 
3.2 Principles of the CO2 laser. 
3.1 
The relevant energy levels are vibrational and rotational levels 
of. the ground electronic states of CO2 and N2 molecules. 
The laser transition is from the asymmetric 000 1 to the 
symmetric 1000 vibration of the CO2 molecule. The energy 
difference is .... O.lleV ( ).. = 10.6ym). A near resonant 
(with CO2* Oeol ) rotational level of nitrogen (il2* V = 1) 
is metastable, and serves to store excit~tion energy in a form 
readily available to the upper laser level of the CO2 • The 
lower laser level (" O.16eV above ground) is relaxed by 
collision, primarily with He atoms. 
Briefly, the sequence of events pertinent to high pressure 
CO2 laser is:-
a) Energy is stored in a capacitcr at high voltage. 
b) Discharge through the laser gas is initiated, and the 
stored energy "dumped" into the laser medium in a time 
(N 250ns) too short to allow arc" formation. 
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B '0 
The mechanism of laser action is as follows : direct electronic 
excitation of the nitrogen molecule into its I state by a collision of the 
first kind. This process is represented as follows: 
" + N. = N,· + e, (7.6) 
A collision of the second kind with a carbon dioxide molecule in the 
ground state with excitation to the 001 state follows: 
NI· + CO, = N, + CO,· (DOl) (7.7) 
This takes place because, as can be seen from the energy level diagram, 
the two energy values almost coincide. The 100 vibrational state is of 
much lower energy and so cannot be populated by this process. 
The population of the 001 levels now cxceeds the population of the 
100 levels and so the population inversion condition for laser action to 
take place between these levels has been achieved. However, two puints 
must be born in mind. First, a transition from the 001 level to the 100 
levd must obey a selection rule which states that J can only change by 
± 1. Thus if J = 10 for a particular level then only the transitions 
from J = 9 to J = 10 and J = II to J = 10 are permilted. If J 
changes by + I the transition is called a P-branch transition and if J 
changes by - I it is called an R-branch transition. A transition from 
J = 9 to J = ID is called PlO and a transition from J = 11 to J = 10 is 
called RIO. Second, the population of the rotational levels of the UOI 
state will have a Boltzmann distribution, so, aftor taking degeneracy into 
account the effective population of a J = II level, for instance, will be 
less than the J = 9 level. The result of this is that P-branch transitions 
dominate because it so happens that a particular P-branch level will till 
up (in order to restore equilibrium) by depiction of the population of the 
R-branch above it quicker than the R-branch level population decays by 
spontaneous emission to the lower laser level. The wavelengths 
associated with the most powerful transitions of the carbon dioxide 
laser 'at normal operating temperatures are: PIS-IQ·571"n, P2()-
10·59 jlm, P22-10·61 ,"111 and the separation between each tran::iition 
is about 55 G Hz. 
Each gain curve corresponding to a P-branch transition has a line-
width of about 50 Mllz. In comparison with other gas lasers this is a 
narrow Doppler width and comes about because the wavelength is some 
twenty tillles as long and the mass of the molecuk is greater than that 
of n10st atomS. Reierence to equation 3..13 will immediately show that 
these factors will «duce the Doppler width con$iderably. The surn 
of the arcas under each gain curve in fig. 7.11 is proportional tu the 
Fig. 3.2 - 2 An extract from M.J.Beesley(ref lO,ch 2) 
population inversion between the 001 and the IOU levels and hence 
proportional to the intensity of the output. These areas arc not in fact 
equal and it so happens that because of the relative J-Ievel populations 
the arca under the P20 gain curve is largest. The axial mode scpar:ltiun 
for a lOO cm long cavity is by equation +.21 about 15U ;\,lllz. Figllre 
7.11 shows the PIS and 1'20 gain curves and the axiallllode sp"cing. 
Pl8 P20 
~o M HI 150 M HI 
-0- -! I-
....L-...I.---LI ___ lil""'..L-1 --'-...1.--'-
I 55,000 'M Ha 
Fig. 7.11. Guin curve of CO~ JlIlu:r output. 
It is apparent from fig. 7.] 1 that \",'here a tube one metre in h:lIgth is 
used, only onc axial mode C<.I1l us~illalc under a gain curve at any given 
time. If a'much longer cavity '\verc tu hc lIsed the mudc::; would be 
closer together ilnd so several would' oscillate. The mode wliidl ex· 
pcricnccs the greatest gain will tcnd 10 grm\! ill intellsity at the cxpcnse 
of the others. This h~lppc.;IIS hCl:.lIISC the 1Il0de which starts to OS4.:ilbtc 
initially depletes the population of the appropriate 001 level and, as 
explained above, it so happens that the relax.Jtion rate into slIch a 
depleted Icvel from other J levels a .. oeiated with the same vibrational 
level (in order to restore a Bultzlllann distribution) is much faslL'r than 
the spontancous decay, rate frOln any J lel'el to a lower vibralional level. 
Hence the inversion betwecn othcr Icvels tends tu fecd into the lirsr. 
The gain profiles will uniformly decrease togc.;thcr :lnd it fullows therc· 
fore that the P-branch transitions ;1fe ctfectivcly hOl1logcnou:oily 
broadened. For a short cavity where only onc llJ.ode uscillates, the 
change in cavity length due to illstabilities will cause the output power tu 
fluctuate. If the Inscr is tUIH.:d so thott thc axial mode frcqllcllc}, is 
at the centre, for example, uf the P20 gain curve, then a gradu:d reduc .. 
tion in power will be; observed as the axial lIlode frequcncy drifts. If 
the next mode peaks lip at I') 18 or P22 it will t;ll<c over, so not only does 
the power fluctwltc, but ~ frequency fluctu~ltion is alsu obt.linl:d, 011 
the other hand for the case of a 10 m cavity with a corrcsponding Illude 
separation of 15 l\U-lz, several moJes will be present under c;u.:/t g'aill 
curve, and so the P-branch Wilh a maximum gain alw"ys oscillates 
because one axial mode will always be present under the Doppler gain 
curve. 
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l\1aterial Power Absorption Reflectivity Remarks 
Tolerance (per cm from one 
thickness) surface 
> 200 \V cm .1 
-3% 36% Good chemical 
Germanium (edge cooled) (at < 'O°C) stability. 
Insoluble in water. 
Gallium > 1 kW cm-I 2% 27% Good chemical 
Arsenide stability. 
Insoluble in water. 
Expensive. 
Alkali Halides > 1 kW cm-' < 0·01% 4°' Hygroscopic. (eg. potassium 10 - Cheap. Difficult 
bromide, to cont. Easily 
sodium polished. 
chloride) 
Irtran - 20 \V cm-I 10% 17% Insoluble in water. (e.g. magnesium Rugged. Easily fluoride, zinc polished. 
sulphide) 
Carbon dioxide laser output mirror materials. 
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c) The cavity gai!l .builds U?, rli.th laser oscillatioil. occuring 
-1/8 aft':?r cessation of the discha.rse. 
d) The lase~ radiation ]ulse consists typically of a 
pea\t-o.~s \'Iide and a tail lasting up to severalfs at 
a lower intensity (Fig.3.Z.I). 
So~e insight into the tei!lporal featurgs of this sequence 
:lay be gained from the nork of Denes ~ :1eaver (19) whose 
analysis is in part based upon the work of Taylor 3< Bi t~er~1an 
(ZZ) and Cheo (Z3). Reference to Fig.3.2.2 sho\'IS energy 
transfer times in a 1:3:1 COZ:NZ:!Ie mix at a total pressure 
o Z 0 
of 300 Torr at T = 400K. The 10 0, OZ 0, OZ 0 and 01'0 
3.2 
levels in COZ interchange energy in less than 30ns, and 
constitute the effective lower laser level. Relaxation to 
the ground state, llainly by collision With He, is in ~ l.,~s. 
The COz(OOol) and NZ(v = 1) levels interchange energy in 
less than ~s and act as the upper laser level. Since 
relaxation to the NZ Ground state occurs in-lO:ls, the 
upper laser level is depleted prime.rily by relaxation to 
the 03'0 and 0330 levels of COZ in - 2Zus. 
Because the gain in the cavity occurs after cessation of 
the current pulse and electron excitation process, the 
population inversion is apparantly due to afterglow 
vibrational relaxation processes. Thus the cavity gain 
increases imm.ediately following discharge due to the 
preferential relaxation of the lower laser level at a 2Js 
rate. In the absence of oscillation, th'e cavity gain will 
!leak after ~ 2Js and decay at a 'Z';Ps rate. When oscillation 
occurs, an initial peak of stimulated emission diminishes the 
'-' .. '" " .... ~C-_. ;~~~~~./~\ 5·;.:. :';:~,,:~c:,~:.\-~I-{b£~~~~~~~~~~~ 
Atmospheric pre!:sure. pulsed excitation 
techniques-descritJed by Beau lieu 
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Fig. 3.3 - 2 Double Rogowski system 
Coupling capacitor 
Main discharge capacitor 
Coupling capacitor 
----.< '-...;: ...... 
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continues at a rate predomina~tly deter!~ined by the rate 
at TIhich the lo~er laser 13vel can be doplcted, and until 
the energy stored in the NZ(v = 1) level is depletsd. 
Pear:oon '" La!!lberton (7) point out that the pulse tD1.1 only 
occurs when operation is IDultimode, and probably represents 
the slor,er build up of hisher order transverse flodes. 
;·.3 A t;lO snheric urC:=·3ure o':)eration. 
Pulsed lasers !?ro·.~.Ce hiGh peak radiation pO'.'ler, pa.rticularly 
when operated at high gas pressure. 
At about this time workers Vlere making significant advances 
with high pressure operation (Z,3). The enticement is a 
(pressure)2 dependence of power/unit active volur.1e, and a 
total pulse energy proportional to pressure. Beaulieu (3) 
achieved pulsed atmospheric pressure operation vdth his 
transverse excitation using a pin and bar structure. 
Beaulieu I S design suffered fro'll a poor aspect ratio discharge 
cross-E3ction together 'nth large ratio of dead to active 
volume. The possibility of a unifor'll discharge at atmospheric 
pressure throughout the laser cavity volume was to be 
realised by several wnrkers using various designs (~, 5, 6) 
The essential features are preionisation followed by a 
very short duration dischar"e. This combination permits 
the excitation energy to be deposited whilst avoiding the 
formation of arcs. Pearson & Laillberton's design (7) was 
additionally robust, using electrodes proof against damage 
from an aCCidental arc. 
at which the 10~er laser lavel ce~ be dcylnted, cnd until 
Peareon ~ Lamberton (7) point out that the pulee tail only 
occurs '\'lhen operE'~tion is (!lultimode, .'3nd ~robablJ re9resents 
the slor;er build Ul) of hi;:;her order transverr::€ r.!odes. 
3.3 AtQosnheric nressure ooeration. 
Pulsec: lasers :,>ro·.~.Ce hieh ;)Oak radiation po· .. ;er, l'3rticularly 
when operated o.t high Gas !'ressure. 
At about this ti!:le \'!orkers .... 'ere r.lati1l3 sicnifice.nt advances 
with high pressure o,)eration (2,3). 'fhe enticement is a 
? (pressure) - dependence of pO;'If!r/uni t active '[01uf1e, and a 
total pulGe enerGY proportional to pressure. Beaulieu (3) 
achieved pulsed atmospheric pressure operation with his 
transverse excitation usine a pin and bar structure. 
Bea.ulieu's ccsign "<uffered fro,n a poor as!lect ratio discharge 
cross-£3ction to~ether with large ratio of dead to active 
volume. The possibility of a unifor'~ discharge at atmospheric 
pressure throughout the laser cavity volume was to be 
realised by several wnrlcers using various desisns (1.:,5,6) 
The. essential features are preionisation follor/ed by a 
very short duration dischar~e. This combination permits 
the exci tation ener~y to be deposited \'/hilst avoiding the 
formatio!l of arcs. Pearson .,< La;nberton's design (7) was 
additionally robust, using electrodes proof against damage 
from an accidental arc. 
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Fig. 3.4.2-1 
Laser Mk.2. viewed toward the germanium output mirror. 
The line of sight is almost coincident with the line 
of the output beam. Note the storage capacitor. 
Fig. 3.4.2-2 
The low inductance storage capacitor was constructed 
using aluminium foil. The working voltage was 25kV. 

3.4 T~e three lasers construct~d. 
At the ot:.tset of th.i::: project, there r/a~ not erroufh experience 
or cash availe.ble to enable a cO!:11?lete desien to be cra'.'ln up 
prior to bu·ilding. The apI'roach hed to accept the constraint 
of using availeble materials '7h:-Teever feasible. The developnent 
was therefore an iterative process of ste~) by step refin'3:.!ent 
in the light of ex}?erience as it was gain~d, e.nd improved 
components as funds became available. 
3.4.1 k.ser Wc. l. 
Our first mo"'el ~lk.l was based on 8'38.ulieu's ded;;n. It was 
successful in producing laser radiation. 
To illustr~tB the value of practical experience, "current 
hogging" amons the multiple dischar(;es was prevented by 
IKO rezistors of iJoulded carbon r.V rating. At a IJUlse rate 
of Ij?p.s., lW v/as more than adeq.uate. Nevertheless, from 
time to ti~le a resistor would shatter explosively. Thus it 
~:eS Vie '.'lere forced to tMe account of the ma:{ii~um '101 taee 
rE-ting (750'1) which had hitherto been overlooked! 
Our pin and bar model was never put into service. Pearson & 
Lamberton published their desi6:lS (6,7). Lamberton demonstrated 
his Rogowski electrode(S) machine to us at S.E.;{.L., and 
we decided to irnmedietely cor.1mence \'lork on Hk.2. 
3.4.2. LCI,ser r-1l{..2. 
A RO[;O"ldd electrode desicn was derived based on materials 
.. available to us. Some square section brass bar dictated the 
_ dertensions of the. Rogowski profile, (lcm plane width) whilst 
the milling mac;·tine. dictated the length at 70cm. The per2pex 
case was designed to match. 
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Fig. 3.4.2-3 
;Laser Mk.2. shoWing the double Rogowski electrode system 
and the trigger gap. 
Fig. 3.4.2-4 
Laser Mk.2. Rogowski electrodes. 
Fig. 3.4.3-1 
Oscilloscope trace of the output pulse of Laser Mk.3. 
The pe~t output corresponds to an intensity of ~ 5MW/cm2. 
The time scale is lOOns/division. 

There ~ere of course Gany problecs of detail involvin3 
!necnanicc?l structure, OI>til!lUr:l u:s-e of ;nachine Eho!l e::pertise, 
available machine processes, gas handlin8 tecimolocy, ca'/i ty 
adju3t~ent methods etc., etc •• These problems ~ere overcone 
by means of the group ex?ertise. 
The most int3restin~ technical difficulty concerned the 
discharge capacitor. The self-inductance of available units 
(redundant from another project) was measured (9) and found 
excessive (.", 200nH, 0. 25uF, 30k1f). Commercial uni ts were beyond 
our fir.ancial reach at the time. We constructed several capacitors 
to our ovm design, using aluminium foil (coo:ting) nnd 
polypropylene film dielectric, all immersed in liquid paraffin 
and contained in a perspex case. The problems arising from 
the high voltace operation (e.g. internal corona associated 
with trapped air bubbles etc.) were c·cnsiderable. The 
capacitors were serviceable. and in use till we became more 
wealthy. The principles of low inductance capacitor structures 
are Given by Gabriel et al (10) • 
Our Hk. 2 laser gave valuable experience. But it '"as sraaller 
in active volume than we would have liked. 
3.4.3. Laser Hk.3. 
The babic features of the Nk.2 desisn were considered 
satisfactory. The aim behind ~~.3 was to scale up the key 
features of !1k.2 to achieve greater pulse' energy. The main 
modification Vias therefore an increz.se in active volume. This 
meant in ;:>ractise an increase in the Width of the R080wski 
electrode profile. Larce elect,rode structures presented us 
vdth major problems of manufacture, especially if an 
accurately formed non-standard (to the machiiLe shop) profile 
were specified. 
Ve.rious techniques ~"jere beinG triec. b:, oth&r YJor.:ers 
"(pressing, e~plosiVe formin~J nu~erical control inilling), 
but ortho~ox milling was the only reDI alternative for us. 
I': "'as therefore decided to use '3ild steel electro le," with 
a t circle profile bounding th€ plane section, ae a 
reasone>.ble practical a!,proxit:1ation to the R050wski shage. 
The electrodes were nickel !Jlated. The choice of plating 
material \'Jas thought to be important, as it was supposed 
that photoemission frot:1 the cathode provided the initiating 
ions for the main discharge. With these features it \'Ias possible 
to obtain an effective electrode ~/idth of 2 Ct:1, giving an 
excited gas volume 2 x 1.7 x 70(=240)cm3• 
Additionally, a e;ood deal of attention was given to minit:1ising 
the inductance of the discharge circui t. A commercial low 
inductance capacitor (L ~ 30nH) was used. A pressurised 
trigger s!Jar1, gap enabled ·the filamentary (high inductance) 
arc length to be :nini:nised. 
One final general point ,forth recordine;j the ease with which 
a volume discharge \'Ias o-.)tained was much increacod by 
passing the helium (!nost· of vlhich had been used in experi:nents 
elsewhere, and had been pumped back into the storeage 
cylinder) through a coppertube spiral imt:1ersed in liqutd 
nitrogen. Residual impurities would be frozen out. 
3.5 Hain features of laser 1-lk.3. 
3.5.1 General. 
The laser enclosure was Lle.de of t" perspex, with a totEl 
lenGth of about lw, and lOcm square crOGS - section. 
Cna ci~e could be rGi~0Ved for ~CC0CS. ~[~~.2 had reve~led 
wc:.~ i.ntroc.uced into tile Cha!.1ber ov~r· it::: whole len.sth, 
to ensure unifor21ity of c')o"!)osition. ~xhaust \'las by a 
similar structure on the other side of the chamber. 
~e~ula~ion and mixins of the gc~5es · .."las 2.c;lieved ~'Ji th c. 
triple nee~le valve flow-Deter device fed directly from the 
sac bottles. The laser structure was Dounted. on a bench 
in a tot.?l enclosure fo!' :safety. Access '::as t~rouch Cl 
pers?ex (infra-red opa~ue) sliding door. 
3.5.2 C~tical fentures. 
As has been noted, a cavity suitable for hiGh pOVler out-put 
is the "le.rse r2.dius" type. 1·1l~.3 used a lO!n radius tote.l 
reflector, and a plane partial reflector, seperated by 0.'34::1. 
Gas 1"12.S exci ted wi ttin a volur.le 0 f about 60c:::: x 2cm x 2cr.:t 
Total reflector: Gold coated zirconium-co~per, radius of 
curvatllre IOu. 
Partial reflector: sin;:;le crystal germanium etaIon; diamet3r 
3.7ci:l, thickness 0.6cm; flat to within t wavelenGth 
green; planes parallel to within 5 seconds of arc. 
ApplyinG the equations '(section 2.5.1) 6 & 7 to find the 
unipha.se ;:lOde beam rc-.dius at the reflectors yield,,: - etalon, 
r l = ,bea~ radius = 3.lmm;Dirror, r 2 = lO~, bean radius = 
9.7m:l. 
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:)o~:er8t~ J-)l-::: ;\~.?in:: dE:ri~.:ed f~llly variablB C'-lOO~(;I S.o3z r3ct::'fied; 
celi '":!erec to 13Eer via ci:.ain of re:::istorr:: l:i..::li t~ng yea..: 
Storar.:e c2::)c'J.citor: 0. 05u1." , 60kV cO::lI!lerci:?.1 low inducta: .. ce 
(:.1eaBured SE -15n:::I ";;ith 291f-re8onant frequency of -Er·1Ez) 
by l!i v,~rtronic Ltd .• 
E13ctrodes: ~~uasi-~ogo\"/ski pro file: 70c;J lenGth; centrc:l 
plane 2 Clll I'fide, balm,':".:! by cylindrical t sectionfl of "adius 
2c;-c. Boundin.s curve e.t either end determined "by eye". 
Seperation of electrodes 1. 7cm. Electrical feed via mUltiple 
connection to copper sheet to rnini:~ise inducta:lce. 
Tri!,;Pjer r;al): "top hat" desiGn for minimum inductance. Short 
arc path by nitrogen pressurisation. "FirinG" by car ignition 
coil with electronic timing and count. 
Trio:c:er wire: 10rn diameter tU:lGsten wire fed ':y 100 ,JF 
ca;?acitor. 
Dif3charr-:e circuit: compact geometry, designed for minimum 
current loop enclosed area for minimal inductance. Robust, 
to Withstand peak current )- 500A, and accompanying 
electroma:netic forces. 
Ec:)no::tJ~ 'cr f5as use t-:as alvlays e. high !1riority. Des~ite the 
acknowled;ed desireability of effecting a cO~91ete chen5e 
of gas between each output pulse as did E.E.R.L. and others, 
~!It. 3 was o!Jerated with a cOr.l"lete chan!~e of gas in the chal,loer 
once in. about 15 mi!lUtes. Ho evidence ~la2 obtained to indicate 
that any substantial cisadvantage obtained from this practise. 
Indeed, S.E.R.L. have since developed a sealed laser unit. 
Increased frequency of an arc discharge is the main indication 
of gal'; problem. This inay be due to an accumulation of products 
generated in the disCharge, or change of cOr.lposition due to 
"breathing". It is probable t~at the latter factor was 
dOtninant in 1'1It.3, and deter::1ined the minir.:um useful gas 
flow rate. 
The frequency of arc discharge was nearly all'!ays higher 
following sl'li tch-on, and diminishing progressively rli th use. 
This experience was COrnr.:on to other users. One sugeestion 
circulated at the time was that the electrode tarnish mie;ht 
be perfer~ing a useful role. Firstly if the tarnish was in 
fact OXide, the electron eminsien produced at the electrode 
surface during pre-ionisation would be enhanced (11,12,13,14), 
thus aidinG the diffuse discharge. Additionally the formation 
of tar-:ish \'Iould reL10ve 02 (deriving fror.l the dissociation 
of CO2 ) from the gas mix as it was formed, a gas thought to 
promote the formation of arcs. In any case, 1·1It3 perfor:,lance 
improved with use, sufficient circumstance to ensure that 
such questions Were pursued no further, decision being in 
favour of usinG the laser out,)Ut to investigate dar.lage meche.nis!l1s. 
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The over311 laser ~erfor~~ance is a function of 0 nu~ber of 
interdciJencent pc:.!"'a:.:1eters, chiefly ca1?acitor value, discharee 
vol;.!m8, oIlerating voltage and cas ratios. The!?e yare.Deters 
are ren(:erec interdependent by the requirer.Ient for a diffuse 
di!?charge. A number of parametric studies (7,15,16,17,13) have 
been performed on particular laser structures, demonstratine 
boundaries outside which a diffuse discharge Iqas unobtainable. 
Energy conversion efficiency is dependent on the operating 
3.6.2 Perfor~ance details. 
Gas flow. A CO2 :1I2 :He ratio of l:l:~ was adopted. 
Follol"linS a lleriod of ex;>erimentation, experience showed 
that flow rates of 40:40:160cm3/min worked well, v:ith a 
mini:n;.!lU of arc foruatio!l. StartinG VI",S not al',7a.YE 
strc.ich t forYiard. Normal runnine could usua.lly be achieved 
by flushing l'li th He, and 10'7erin:; the volta;;e until diffuse 
dischart;e IVaE obtained. Then the flol'J rates of CO 2 and N2 
~Iere sradua.lly raised, together "Ii th voltage until the 
usual values were reached. Follo\'1illC this procedure, 
perfor:nance was usually good and reasonably consistent. 
O'?eratinii vol ta"'e seemed !!loet satisfactory around 31fkV 
(input enerGY 30J), but ve.lues between 221t'l and 40kV 
produced a diffuse discharge. 
Pulse rate about 1 pUlse per second. 
Pulse Gl1er.n:y rJas i!'! the regioa of ~J, but de~")e!!dj.:l:: on the 
o!)cra tine vo 1 ta,::e at .. hE: ti~e. !·1easu~er:lel1 t \'laS by a con'3 
cA.lorLneter anc. tht~r:::listor bridse. 
TernClon,l Dro~ile Via:> a well defined pea..~ (IV 3Cns P.W.H.H.) 
Vii th a tail lasting"" 600ns. The pulse Via:> o'oserved by a 
photon-draG detector made a'railable by Dr .l-i.F. Ki~nmi t t 
(University of Essex) (20,21,22) together with calibration 
data. A photon-drag device operates at room temperature, 
and sives absolute values for instantaneous pOI-/er (temporal 
profile), peak power and (on integration) total energy. A 
ty:?ical value for peal;: poner of ""' yr.'i/cm2 averaged over the 
beam X-section of ~ 4cm2 was obtained. The tem:?oral !>rofile 
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Vias also exa!llined \-.'i th a Pb-Sn-Te detec tor. These are senEi ti ve, 
give only relative values of incident intensity I-lithout 
special calibration, and must be used at liqUid nitrogen 
temperatures. The resolution of our system was - 50ns. 
Soatial nrofile was of a multimode output covering an 
. a!>proximate rectangular aperture 2cm x 2cm. I-I.:my of the 
patterns shovled a broadly striated structure (- 5 bands). 
There was no single characteristic pattern, nor a recognisably 
predominant one. The lase_' alignment, when adjusted, VIas 
usually for maximum total pulse energy. 
There was no means of analysing the frequency structure, time 
variation of frequency structure, or the behaviour of seperate 
regions _ of the beam cross-section. 
3.12 
'rl:e!"13 -:!ere t .. 'iO !!oriGht!! PHtC:1CS, well off AX::'S, s:/!::etricall: .... 
placed above and oelow the :nai!1 bearJ. The anGul2r relationships 
deillon8<:rated their origin with a mode using the electrode 
surfaces in addition to the caVity reflectJrs. 
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SectiO?l 4 
4.1 The etalons are d<:;tJ<:;;:ed. 
Follo':~ns a period of operation ( .... 105 shob) of the laser 
Ilk .111, the ger:~.:miu;!l exit r:lirror (etalon) showed surfac e 
damage on the inside (cavity) face (Fi~. * 1). This unplanned 
event was to deterr;Jine the character of the worlt throullhOtlt 
the rest of the project. Deterr;Jinincr a !nodel for the 
mechanisms producing the damage led into several major 
specialist subject areas; field theory, radio frequency 
antenna design, wave mechanics of the solid-state, electric 
breakdown of dielectrics and hot-electron theory of 
sez::ticol1ductors •. 
\Vhilst the laser was in use for experiments involvinll 
dai:1ac;e to thin fil:ns, cevernl eta:lons l'Iere dama.3ed. Initial 
examination revealed well defined ·patterns v/hieh will ·be described 
later. The pattern orientation with respect to the laser, and 
. to the etalon were noted •.. The daoalle occasionally occurred 
on the etalon ~ face in addition to the cavity face. The 
same pattern characteristi~s were seen. The extent and 
severity of the damase was always much less than that on the 
cavity face. 
Section 4 describes the damage, and derives a hypothesis to 
explain its observed characteristics. Th3 ground has been 
covered in a publication. Where appropriate, extracts from 
the publication are used (e.g. sections 4.2 and 4.4). A list 
of references which contributed to the bacrl:ground of knowledge 
appe=s . tozether \Vi th those specifically mentioned in the text. 
* NOTE: All Figure numbers in section 4 are those used in 
Willis /le Em:nony.Cref. 1), a copy ·of which is attached. 
4.2 
A detailed account of the da:aase features is no\"' given. 
If.2 Description of tohe darn,'\r-;e. 
"Several cerr.laniu:l nirror:o he.ve been c.eJ:la::;ed, anc. all the 
mirrors exanined show si!llilar featur~3. Electron picroscope 
exa;:U.nation of the e;er:Janium surfaces sho~1G evidence of 
mel tin:> and large therual. stresses. \'fnere the damage \""-S 
not so severe as to cause· obliteration, trIO periodic 
patterns were visible. The ~eriod of the lar;er pattern is 
.... 10.7m (Fig.2).\ (the laser free space l:a'lelength is 10.6;::1). 
~iS pat~ern will be referred to 'here as the ' ~-pattern" 
The smaller pattern, uhich will be termed the 'fine pattern', 
occuro perpendicular to the A-tlattern when the two are in 
association (Fig.3), although the ~-pattern is not always 
in evidence (Fig.4). The period qf tha fine pattern is not 
con~tant even over dist~ces as short 
the range l.ye to 2.~m tJith a usual 
as lc;rm, but is 
value ... ·1. "tw.. 
in 
It \'/ill be seen in Fig.l that the da'lage occurs rdth re.:::;ions 
of heavy damage and of less severe da:JaGe, and that a 
tendency to form in bars is apparent. The bar structure is 
parallel to the laser electrode surface and is not a function 
of crystal orientation. 
Magnification reveals the A-pattern bars extending some 
hundreds of wavelenc;ths (several millimetres), the bar 
pattern direction being perpendicular to the laser electrode 
surface (Fig.2and 3). The A-pattern is seen in moderately 
da~aged regions and becomes increasingly difficult to 
distinguish in severely damaGed regions where mel ting and 
thermal stresses disrupt the regular surface pattern (Fig.5). 
The fine pattern is most easily observed in regions where 
dama3e is very slight. It ta~es the for~ of lines seperated 
by ~ 1. 7fin, parallel to each .other, and extending up to a 
few tens of micro:netres (Fig. 6). They are sometimes' in 
association I'/i th a surface mark ("for exa:lple, a shallow scratch) 
on the mirror surface (Fig.7). The direction of the fine pattern 
on the laser. cirror was parallel to the laser electrode 
surfaces and largely independent of the direction of the 
surface mark. A surface scratch nearly parallel to the fine 
pattern dir.ection may'capture' and deflect a line of the fine 
pattern (Fig.7). A feature of interest is the fine pattern 
line termination where it merges into the undamaged surface. 
Fig. 8 is an electron micrograph of the tips of the fine 
pattern lines. The central region is raised above the mirror 
surfe.ce level, while the adjacent regions are slicrhtly 
depressed. The appearance is sieilar to that of a 'sp'earhead l • 
SOtle areas of the d=acre clearly show the ~-!,attern and the 
fine pattern in co-existence (Fig.ll). The two :petterlls are 
orthosonal. The fine pattern is not necesse.rily continuous 
across adjacent 'A-pattern ridges. In regions in \',hich the 
damage is not severe, the ~-patt~rn can teJte the for:n of 
variations in thickness of· the pattern central ridge (Fig,12). 
Note that the thickness .variations are co-ordinated across 
:l:he fine pattern line structure. The ).-pettern has also been 
observed as a series of eelted and dispersed fine line 
ridges (Fig. I}) • Anotherresion \'11th )..-pattern and fine 
pattern together,' but more Deverely damaged, .is sholm in Fig.14. 
Fig.15 shol'/s an area which has been heavily dar:wged. Deep 
fissures in the surface ma:.tnc; a,cute aJ,gles to the ~-pattern 
can be seen. The fissures arc due to cleava6e along the crystal 
Lf. it 
planes to relieve ther:ual stresses in the sur face follorTing 
absorption of laser radiation. There is no relationship 
between the orientation of the X-pattern and the cleavage 
cr;:lcko. -.The ed<1cs of the cra."cks are rounded, sUGgesting 
meltin.:;. A ;;rey powder collects on the surface on and around 
the severely danaged' areas. Individual particles are re-
solidified droplets of germani~ (Fig.16). There is just 
a hint of facets on some 'of them. 
4.3 Some hyuotheses. 
A fea of the ideas that were considered and rejected will 
be outlined. 
Ini tially, when only optical micrographs (low resol.ution) were 
available, surface wrin..!;:ling and/or cracldng \Vas considered. 
T"ne fine pattern marlts (seen on a thin Ge film on this 
occasion) showed greater spacin3 in rc.:;ions of higher light 
flux - against expectation. The arrival of the scanning 
electron micrographs (S.E.a) disposed of this hypothesis. 
An obvious candidate for considerati:m .. there a (fairly) 
regulC!.r pattern is produced is interference or diffraction. 
The linear nature of the pattern suggests "Lloyd's mirror" 
"Ti th the laser electrode plane surface as the mirror. The 
eXl)ected fringe spacing would be ,.. 5O~l:l. The fine pattern 
dimension is ..... 2j-m. Idea rejected. 
Interference between adjacent laser oscillator modes 
was considered. Available for sonsideration are 10ng'itudinC!1 
modes, transverse modes, and those deriving from the 
vibrational spectrum of CO2 , These are all grouped 
arOU!ld .... l/m. Spatial beats between the:! in the plane of 
the etalon face could hardly l'roduce a 2jlf!1 spacinG - uore 
nearly IOoy:!! minit:ltUll. 
Wedge frin;;es due to the etalon faces' lllutual inclination 
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(parallism to within 5 seconds of arc-manufacturer) r>roduce 
a frinse spacing rV 5cr.! when. ). =2.:;m (allol'lin~ for the 
refractive index of Ge; n = 4). Additiollally the fringe 
pattern would follow rotation of the etalon. T'ne observed 
pattern was stable against etalon rotation. 
There is no reaconable way radiation of IV l<;?m can produce 
a pattern of ~:!! spacing by interference or diffraction. To 
do so l'Iould imply the possibility, under its illumination, 
of resolution of distances less than a wavelen~th, a 
situation known to be untenable. 
Interaction between the laser beam and an acoustic wave set 
up across the Ge surface is a po~sibility (photog.ref.16). 
The strain produced on the lattice by tne crest of a~ 
acoustic wave may be sufficient additional induce~ent in 
the presence of the laser field for the lattice to rupture 
(melt). An intense field would have to ::leet acoustic wave 
crests in particular resions of the Ge surface to produce 
the locallised meltins observed. The laser pulse is almost 
certainly ampli tade module.ted (mul ti:node operation) with Cl 
crest seperation "" 5ns (= 2L/c). These"flashes" oight"photograph" 
and freeze the instantaneous position ~f the acoustic wave 
crests. If the re:oeatability were excellent (pheno::tenal), 
a regular pattern would be produced. The snags to the idea 
·are that (a) the pattern spacin5 is ""2~::I (if velocity 
of sound in Ge is 5.4 x lo3m/ s ) and (b; where would 
lin8e.r acoustic wavefronts be Generated? 
The preferred hypothesis will now be discussed. 
A careful exa..d.nation of the S.E.:I. Fig. 7 shov:s a 
characteristic cross-section of the d=age marks. These ma;! 
be interpreted as the result of oeltin~ by an electric 
current driven in Ge by the' las",r field, and follol7ed by 
re-freezing of the Ge. The details of the melt - refreeze 
cycle e.re described in 4.4.1 •• Section 4.4.2 shows how, if 
the marlts in Fig. 7 are considered the result of an array 
of lin'ear electric conduction currents originating by 
impact iow.zation in the laser field, the observed pattern 
of danaze marks could be formed. 
4.4 Tpe' nro1)osed hynothesis. 
4.4.1 Helt re-freeze cycle. 
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11 The cross-section' which is sho'Yll ,in Fig.9 results from a 
process of melting and refreezing (Fig,IO). The germanium 
within the boUndary of the mark is melted by the laser flux, 
and because of the higher density of the liquid, occupies a 
aoaller volume (Fig.10a). Re-solidification begins at the 
perimeter. locking a depression into the surface contour 
(Fig.lOb) • 
Aa re-solidification is completed, a central ridge is forced 
enabling the former volume of solld to be regained. The 
central ridge is then above the origina.: surface level. ,The 
density of germanium at 25°C is 5'323kg m-3 (solid) and 
at 960°C is 5'5711tg m-3 (liquid).! (ref.4)" 
Evidence for this interpretation pf Fig. 7 was sou~t 
in two ways:-
a) Experiments with ice and wax. 
b) Mathematical analysis with computer aided evaluation. 
Both \7ater and paraffin wax expand on freezing. They ~.lay 
therefore be. used as analozues of Ge. Li!lear :aelts l'Iere 
produced by plun,3inG hot metal strips into the solid and 
wi thdra\"rinG. T'lle shapes in Fig. 7 were reproc:1.uced on a 
. . 
large scale (c~ntiuetre). By var'ying the depth to width 
ratio of 'the melt, interesting variations of scele of 
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profile Vlere achieved. But t!le· "spearhee.d" characteristic' 
was retained in all cases. 
The mathematical analysis Was the subjoci: of a publication 
(ref. 3) which is ·appended. The results support the 
interpretation of the S. E.I-! photographs. 
4.4.2 Antenna theory ada~ted. 
If the surface marks on the etalon are interpreted a~ refrozen 
linear melts, then an account has to' be Ziven of the periodicity. 
If each melt was.interpreted as registering the presence of 
a linear geometry avalanche current pa.th, then presuClably the 
. l~ 
curren t would. be al ternatins at N 10 -'Hz under the influence 
of the laser field. Thus, under these assumptions, the 
problem becomes one'of interpreting the significance of 
the geometry of an arr~ of nR.F. ,; currents.' It seei:led natural 
to turn to the literature on antenna arrE,Ys for help. An 
extract from the publication explains the theory. 
" The observed dimensions of theperiodicities show SO.:>d 
agreement With those predicted by the field theory for radio 
antennae, when the dlmensions are expressed in terms of 
wavelengths. The u~e of antenna theory is justified if the 
marks in the cdrror surface are interpreted as indicating the 
paths of alternating electric curr.ents induced in the 
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ger:nani U!;1 mirror sur fac c reGion by the l.:tGcr cavi ty radi.q tion 
fields. The frequency of the induced currents is 2.3 x lol3-2z , 
the CO2 laGer output frequency. An analysis of the field 
interactions resulting fro~ the presence of tIle induced 
avalanche currents is Given. 
The mech"ni:3r.l rolevant to the growth of periodic dallla.::;e of 
the type discussed above" is the for!Jation of electron 
avalanche:::. This involves the existence of 10\'1 ivnization 
energy centres such as scratches, dislocations, etc.,in the 
eernanium surface. "A defect acts as a :::otlrce of carriers 
which enables the avalanche current to form and r;rOI"I in the 
direction of the excitin~ electric vector of the radiation 
field. 
The laser radiation vias partially plane polarized rrith the 
maxinu!J electric field intensity ~erpendictllar to the 
cavi ty electrode surfaces. This was due to the eXistence of 
whis'Jer nodes (Fig.17) which involved reflections from the . " 
electrode surfaces and a conse.quent enhancement of E (the 
.I. 
electric intensity normal to the plane of the incidence) 
over Ell • The reflectivity for E.I. is greater than for Eh 
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for Blanc!nci angles at a metal surface. The interaction of 
the \"/hisper codes \'11th the rlain cavity beam g8ve rise to a 
beam intensity which Was not uniform over its cross-section. 
This is indicated by the damage structure (Fig.l). It follows 
that particular arflas. somewhere between maximum damage and 
no da:r,aGe. were irradiated \'ri th an intensity just at the 
threshold level for avalanche formation. In these areas only 
the naxim~m field intensity occurring during a laser pulse 
t~ll be sufficient to een~r3te an avalanche. The maxi~um field 
strenGth will occur in the dire~tion of E • The avalanche 
... 
currents are therefore in the direction of E , r:hich is 
.L 
parallel 1;0 the laser electrode surfaces. The periodic damage 
has been ob·served in such threshold reGions, where the d=at;e 
is slight. 
The avalanche current excited by the laser radiation 
reradiates energy at AllOl 3az. The most usual case dealt Vii th 
in the radio antennae literature is that of an oscillating 
doublet radiating into f·ree space. Here the situation is 
that of a radiating doublet in the intr-rface seperating two 
sem~infinite dielectrics (considering the dimensions of the 
germanium mirror as very large in comparison to a radiation 
wavelength of 10.6/n ,m in the germaniu:n, where n = 4 is 
the refractive index). The radia.j;ion ·fror.l the oscillating 
doublet interferes Vii th the laser radiation, and in regions 
of constructive interference the probability of forcing a 
neVl avalanche current is increased. 
The constructive interference patterns which ~ve rise to a 
regular array of. avalanche currents,· and therefore to surface 
damage \'.~ th structured appearance, will be discussed in 
some detail. The doublet near field inside the germanium 
gives rise to the fine pattern, whilst the surface wave in the 
interface r.auses the ~attern. 
Near field effects. 
Toe fine pattern has a spacing of approximately 1.7rm 
with some variation about this value, (spacings from 1.4fr:l· 
to about 2.1fm have been observed). Since there is a 
selfreinforcing pattern, the individual currents must be 
in phase, 2.nd therefore raaintnin e con3istent phase rclD..tionship 
vdth the incident' laser radiation (in this case the reactive 
component of the current element impedance only influences 
the phase sliChtly). The sim!?lest condition for this to occur 
for a row of short doublets is with a s::>acinll of 0.7 oX. At 
this distance the near field of a doublet (Fig.IS) would 
induce an in-phase ·current in a resistive element. 
The lenzth of the current track, and the associated melt in 
the :;ermanium surface, increases \'d th each laser !Julse. 
Over regions where. the irradiatinz laser intensity is jUGt 
belo\'1 brea:.do·~m threshold, the electric field enhanc·er.tent 
at 0.7 A Ge proVided by the near field of the linear curr~nt 
is likely to produce a new avalanche cur"'ent parallel to the 
first. This re.::>resents pattern growth in a 'broadside' 
direction (;;'i8S 19 and 23). Since a progressive wave \'!i th 
a.n electric field cO::lponent in the :;>lane of the interface 
cannot be sustained'due to the boundary conditions, only 
the near field of a doublet is significi?nt in new broadside 
avalanche formation. 8 Consequently, in the broadside 
direction only the adjacent current influences the ~rowth 
path of a fresh avalanche. 
Surface wave effects. 
The fine pattern re!?resents an array of co-phased currents 
oscillating at the frequency of. and in phase with, the 
incident laser field. In accord with electro-maenetic 
field theory, a surface wave will be launched in the dielectric 
interface formed by the mirror and gas. The direction of 
maximum. intensity is alonG the axis of the current traci •• 
The polar diacral:l for a doublet is Dhol"m in FiZ.20o. An array 
of such doublets Will modify the polar diagr~~ so as to 
increase the electric intensity of the surface wave in the 
direction pf the current ari:s (Fig. 20b). A surface wave has 
an electric vector En ,perpendicular to the interface and a 
co"oponent EL in the direction of propagation (Fig. 21). A 
surface wave is an inhoi:logenous electromcsnetic wave 
guided along the interface.9, The lines of constant phase and 
of constant amplitude are shown in Fig.22. 
For a surface wave travelling over germanium the angle of 
til t 0 i.., 0' , 14 , and the longitudinal component of the electric 
field in the direction of propagation, ~, has a magnitude 
of O.25En., Consequently EL has a significant magnitude, 
and is correctly oriented to influence the current 
magnitude in the 'avalanche track~. The phase of the incident 
laser radiation relative to that of the surface wave is 
important. The phase will enhance at intervals of -~ , the' 
o 
free space l'Iavelengtl1, across the surface. At these locations 
an existing current may be increaeed (Fig.12), or a ne\? ava-
1anche may be created as the field strength is raised over 
threshold (Fig.23). In either case, surface dacage due to 
mel ting will be great.er and display a periodic interval ot 
"'~o' This is the A-pattern, vrhich is observed in regions of 
moderate damage. 
The exact interval for the ~.pattern Tlil1 be the distance AB 
in Fig.22 which will be given by ~o sec 9. For a germanium 
interface, the pattern interval is: 
X=10.6r!ll·sec14° 
lO.9rn• 
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SU!"::tary. 
Structured damage patterns'have been observed on gernaniu::l 
mirrors used in TEA CO2 lasers. Two rezu1ar pattern intervals 
occur orthogonally. The patt'erns result from melting of the 
germanium following the for!!lation of avalanche currents in 
response to the electric field ~f the incident laser radiation. 
The orientat~.on of the linear ,current tracks follows the 
predominant uolarization of the laser radiation. The ~ro~osed . . . 
sequence of pattern growth is avalanche formation, linear 
melting, constructive interference betwe~n the incident 
radiation and the field of the inc~ced current doublet, 
followed by initiation of new avalanches confor:n1ng to a 
regular array. The near field within the germanium gives rise 
to broadside pattern growth ( ... 1.7tr:J. s::?acing), whilst a 
surface wave produces new avalanGhes and/or increased damage 
at a spacing close to the free space wavelength ( >"0';10. 6rr.1). 
4.5 An observation. 
There were two sudden strides for\1ard during the 'development 
of this theory. One was the recosni tion of the existence of 
a surface wave, of which the key feature (here) is a cOJlponent 
of electric field in the direction of propagation. The 
thickening in Fig;4.l2 to form the ~-pattern required it. 
Until this penny dropped, electric fieljs were 900 "wrong". 
The second leap came on realising that the polar diagram 
for a current . doublet launching a surface wave is end-
" 
fire (rather than the familiar space laUl,ch which 1s broaddde). 
The jig-saw \'Ias fitting together. 
An e::enin."tion of the avalanche brea.I<do':m of Ge in a strong 
'electric field is undertaken in' section 5. 
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Avalanche Breakdolm • 
. 5.1 Introduction. 
'rhe nature of an avalanche breakdown in ber.:lanium, which 
is subjected to intense laser light, is considered 
fro.n firEt :Jr' ncioles. The philosophy is essentially that 
of the"raicroscopic" school; that is, to consider the life 
history of a typical electron (and/or hole), and attempt to 
take into account all the factors affectinG its behaviour. 
The section falls naturally into two parts. Together they 
represent a step.,.by-step proe;ress to'.vard understanding a 
complex phenomenon. 
The unit comprisinG sections 5.2 to 5.5 deals "iith the free 
electron case. Even whilst conSidering the thermal distribution 
of conduction electrons in germanium, the free electron mass m 
is used rather than effective mass m*, and trajectories free 
of phonon interaction are considered. These sections represent 
the construction of a basic frameYlork of thought which supports 
the following development. Although written much earlier than 
the second part of section 5, the unit is retained for its 
value as a foundation. 
Section 5.6 to section 5.12 assemble from the literature 
present thinking relating to electrical breakdol'm, I'ath· 
especial reference to the case of germanium. The topic of 
'hot electrons' is pursued at some length using available data. 
Bass & Barratt's adaptation (for optical frequency fields) of 
Shockley's "lucky electron" approach to impact ionization, Vias 
used as the basis of a computer prograrnme. The purpose was to 
examine the effect of various material parameters on the 
r. ? ~ie-ctr:;n dyna.,~ics. 
It is pro~osed that particular forillS of the ca~a5e (cescribec 
elsewhere) on the gerc,lanium outc>ut c!irrc·r cf tile laser may be 
attributed to the formation of electron avalanches and a 
progressive pulse by pUlce growth in extent of the damaged 
region. It is worth examining so:ne aspects of the beha'/iour 
of electrons in electromagnegnetic fields. We shall C01:lmenCe 
with the more staishtforward situations, and worst case 
numerical values relevant to the 11:.ser da:nage under 
investigation to indicate where greater sophistication is re~uired, 
and is not required. Some aspects of electron avalanching in 
optical fields lr.Lll be approached. 
The motion of a free electron in vacuo acted upon by crossed 
§ and ~ fields will be considered. It will be demonstrated 
that the effect of the ~ field may safely be ignored for the 
cycle time of radiation at 28.3 THz. Thereafter only the 
action of the electric field is taken into account, and 
conditions prevailing at the gas-germanium interface are 
considered •. 
-
5.2.1 Case 1. Freo electron in electromagnetic field. 
The electron in vacuo starts from rest at t=O from the 
origin 0, static electric and magnetic fields are maintained 
With § along OY, B along OZ. 
z 
x 
-. 1 
, 
Free electron trajectory in crossed E and H fields. 
Equation of motion:-
dy 
= e ( E +(v x B)) (- - -) 
1 
dt m 
The solution of this equation is ",common cycloid for the initial 
condi tions assumed ( i ). 
Transpose to a set of axes X' Y' Z' translating in: the 
direction OX with a velocity u, given by 
u = f 
B 
Then the velocity y' relative to X' Y' Z' is obtained from 
:£ = 1! + y' 
and dy' 
3 
-= 4 
dt dt 
so substituting into 1:-
dy' e 
= 
dt m 
But 1! x B= 1 BL(f x §.) x §. 
= - f 
Thus dv' 
.. £'(:£' x §.) 
dt m 
This says that the acceleration is always perpendicular to 
the velocity. Hence the speed v' is constant and the orbit 
is a circle in the X' Y' plane of radius~. and angular 
veloci ty ~ :-
In scalar form 
2 (v') = B e v' 
t m 
f> = v' 
elm B 
5 
6 
_. 
- ---
I 
k) = ~ =-f/lcl B 
The trajectory relative to XYZ is the locus of a point on 
the circumference of a notional wheel of rs,diu8 a rolling 
along OX vdth axle velocity u. 
u 
For the special case ~ = 0 Vlhen t = 0, 
and the trajectory is a co:nmon cycloid. 
The aspect of eventual interest is the behaviour of 
conduction electrons in gernanium under the influence 
of 10.t;:n wavelength radiation. 
For the moment we consider magnitudes for static fields 
when 2 is of the order of 103 V/m (typical of dielectric 
breakdovm), but restricted'to times corresponding to a 
cycle at 28.3 TRz. It vdll be shovm that the electron 
acceleration due to the magnetic field is insignificant 
in comparison to that due to the electric field, and that 
the motion produced is for practical purposes parallel to 
the direction of ~. These results follow from the fact 
that in the time available the electron is only able to 
traverse Cl, minute arc segcent of the cycloid. So far we 
are still concerned with D.C. fields acting on an electron in 
vacuo, though the time of field application has been restricted. 
The ratio of 1]; to !i will be the same as of an electrorJar;netic 
wave in vacuo. 
One cycle time~(ht) = reciprocal 2.33 x 1013 = T 
= 3.5 x 10-14 s 
:. T/2 = 1. 76 x 10-14 s 
H ::; =~--
120 7l: 
= 0 • .33 '1' 
Thus 
= - 5.7 x 1010 
and = 1 x 10-3 radian 
The angle is so small that displacement is substantially 
along 01. 
To evaluate the displacement, note that 
I v '1 = lu I when" = 0 at t = 0 
and lu I = ~ B 
so Ju.1 = 3.03x 103 m/s 
which is greater than the velocity of light c, but is only 
notional because during the short time being considered the 
electron" only achieves a small fraction of u. 
y = a - a cos.." t 
x 
= a(l - cos..,St) 
=J(l - cos.,)~t) 
8 
= 3.3xlO bl _ cos Io)h) 
5.7xlOl 
= 2.6 ii;':'9 metre 
= ao.lh - a sin 0.) S t 
= a( .. ~t-sin ... ~ t) 
= 8.9 x 10-13 
. 10-12 metre 
Thus for the time under consideration, the displacement is 
substantially along OY, and 1s effectively that which would 
have been obtained by an electriC" field alone. This remains 
true for times extending to several t~ns of cycles, long 
enouGh for the electron to reach ionizing energy. It tekes 
approximately three cycle ti~es at 23.3 THz for the electron 
to move a distance equivalent to one interatomic spacing 
along OX. 
,5.2.2, Case 2 Time denendent electric field' . 
.. -- -The electron is subject to a sinusoidal e-m radiation field, 
characterised by the peak electric field Eo. The parameter 
of interest is the electron energy at the end of one half 
cycle. The effect of li Will be ignored. Note that c.) takes 
on a different significance, the radian velocity of the 
electromagnetic field. 
Since the displacement of an electron is restricted to the 
OYdirection, the equation of motion may be v~itten 
" eE y = 
m 
E = Eo sin.., t if E:O when t=O 
" 
e Eo sin'" t y = 
y = 
if f = 0 when t = O,'C=_ ~ Eo 
m ..., 
~ 
m 
m 
Eo cos c.)t 
c.) 
, = ~ Eo coswt 
+ C 
m'" mw 
The electron energy is maximum when t = T/2, where T is the 
period of the electric. field. 
Thus 
-peak electron velocity =-2 ~ ~o 
m w 
and electron energy !y2 
2 = ~ 4(; ~t J 
= 2!(:}2 eV 
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Electric field Fig. 5.2.2 - 1 
Velocity 
time 
Displacement 
T time 
when E = 108 V/m and f = 2.33 x 1013 Hz 
electron energy ,!, 0.11 el1 
This result confir~s that Relativity need not be taken into 
account, as departures fro~ classical relationships are only 
significant at energies greater than about 1000 eV. 
Also of interest is the displacement:_ 
e Eo sint.) t _ Eo ~ t y=iii..,1 ..,m +C 
If y = 0 when t = 0, C = 0 
Thus y = :0 : r:wt _ t? 
T/2 ~ t ~ 0 
When t = T/2, term in brackets is just T/2 
and I~I= Eo ~ 1: 0.) m 2 Iz 
Eo ~ 1:2 
= lC m 4 
When Eo = 103 V/m, f = 2.83 x 1013 
h/21= 1.7 x 10-
9 m 
5.2.3 Case 3. Guasi-free electrons in 5ermanium. 
Electromagnetic radiation incident on a germanium interface. 
The electron acted upon by the fields is considered to be in the 
germanium conduction band, not far from the surface, capable 
of aquiring energy from an impressed electric field 
according to a classical model (5). The interest is in 
radiation of frequency 28.3 THz. 
Consider what modifications are necessary to the foregoing 
to take account of the presence of the germanium. Electric 
fields of 108 V/m may still be postulated, provided account 
is taken of the field variation through the surface and into 
the outside space. If it be postulated that in the times 
con~iticrc~ no lattice Gcattcriuc events t~:e Jlace 
(reasonable Si!lCe in .;er::1aniu:.1 at rOO!.1 tG.:lpe:. ... ature the 
o 
1:1ea!1 free ~ath is atout lO-Uin ), then toe above results for 
electron energy and disylaccment occurinG in a half-cycle 
time still hold. It is interestinc to note that the half-
cycle time displace,.1ent 1. 7 x 10-9m corresponds to about 
three times. the lattice constant, "Ihereas the !Jean free path 
is twenty or so atoIJic spacinss ( or more accordin15 to ref.2 
pace 25-27). It must be remembered that the quoted data for 
ger:naniu:ll relate strictly to therr.lal equilibrium at 
300 K. 
A15ain Shockley sho'::ed that the carrier mobility in 15ertJanium 
saturates with hiGh impressed fields - the Gunn diode is 
based upon the effect. But since mobility is a function of 
the dependence of drift velocity on lattice scattering, it 
is regarded here as not pertinent to this problem. \'le are 
considerinG the dynrunics in the absence of collisions on 
the \'lay. So velocity saturation ':Iill be ignored for the 
moment. ' 
The effect on the cycloid trajectory is worthy of review. 
If the .arbitrary field of 108 V/m is retained for the 
purpose of gauGing maGnitudes, the intrinsic impedance E/H 
of 15ermanium is 1/4 that of free space. B(takinG u = 1) 
r 
is thus proportionately greater (x 4 ) and the cycloid 
curvature is greater. To check whether the B field may 
still be neglected in this problem, evaluate and compare 
the x and y displacements over the time of one half-cycle 
of the radiation. We revert momentarily to the static field 
arithmetic. 
'+ (a is reduced to 1/16 its former value, viz 3.2 x 10- m.) 
(w is increased to 4 x its former value, viz 2.2 x 1011rad/s.). 
y = a( 1 - cOs w dt) 
= 2.6 x 10-9 m. 
x = a( w dt - sin w dt) 
= 4 x 10,:,12 m. 
Thus the B field again need not be considered. 
S. 'i Conclus ions to be dra~'1l1 from the cited cases. 
The problem of the behaviour of "free" conduction electrons 
in the germanium under the influence of electromagnetic 
radiation of frequency 28.3 THZ and of high intensity has 
been approached using classical concepts. It has been 
, 
demonstrated that the significanceof the B field on electron ~ 
trajectories limited by time to aquiring energies of the 
order ofO.leV only is minimal. In the following discussion 
no further account Will be taken of its presence, and only 
the E field will be tal<en into account. 
The overall purpose of the discussion is to assess the 
possibility of the .formation of electron avalanches in the 
germanium. The structure of the observed damage is to be 
explained in terms of such avalanches forlung, producing 
melts in the germanium surface, and also influencing the 
location of adjacent avalanche formation. 
The energy gained by an electron accelerated in the field 
for one half cycle is of the order of 0.1 eV. Electron-
hole pair formation in germanium requires about. -,0.7 eV. 
Thus either electrons must be available from a source of 
lower ionization enerEY, or the electron initiating an 
avalanche must be able to use more than one half cycle 
of radiation, despite the field direction reversal. 
It :!lust be remembered that once initiated, the avalanche 
must be sustained iOf visible damage is to be produced on the 
germanium surface. 
Both of these possibilities seem feasible. 
'5.& Sources of lower ionization energy. 
Impurities, surface states and surface defects. 
Electrons may be released more easily from im~urities and 
surface states, especially from surface defects such as 
scratches etc. Observations (Fig./f. 7) confirm that the 
da~age concerning us here definitely initiates along 
microscopic scratches. It is not possible to assess whether 
such a surface defect is essential to the formation of the 
damage. 
Chemical chanee following mel tine. 
When an avalanche has produced a melt in the surface, the 
possibility exists of che~lcal combination of the germanium 
with.the laser gases and conceivably trace gases such as 
oxygen. The succeeding laser pulse may be more readily 
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able to remelt this area and facilitate a pulse-by-pulse growth of 
the damaged region. 
Stressed states following freezing. 
At the end of the pulse, the surface melts will re-freeze • 
. The surface contour is permanently changed (4) and may 
include regions of frozen in stress. These may enable a 
progressive extension by providing a readily ionizable 
local region of lattice for the next pulse. 
Thermal electrons. 
The conduction band will contain a distribution of electronic 
energies. Due to the high 'density of states' available in 
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the 6er,.i;:'i.niu~1 conl~uction b['~nd in relation to the den.sity of 
conduction electron!: at rOOul temperature, the cistl'ibution 
is close to the ~!axwell-Boltz~an~ for free electrons 
(ref .2, pa:;e 27). The !!lean kinetic energy is 3/2 kT. The 
'hi.:,:h enerGY tail' mi:;ht provide electrons capable of ionization 
after further acceleration by a half-cycle of field. 
s. s Exa~,lination of the 11io;h ener':y tail( ther;-,lal distribution). 
In this section, the nu~ber of electrons in the high ener6Y tail 
capable of accelerating to e:. in a field of lO,'3V/ m during an 
~ 
optical h31f-c,Ycle ~s estimated. The cuuulative effect of 
resulting ionizations over the available optical cycles of the 
laser pulse is estimated. The increased conductivity is 
assessed from a damaGe viewpoint. 
5.5.1 The intrinsic electron density. 
To find the electron density in intrinsic ger!!lcnium (5):-
BEnd .:;ap = 0.72 eV (ref.2) 
= I<'n. Z(E: )dE: 
E.; J 
(ref.5) 
where ne electron density; nj occupation number for ste.te j 
(i.e. mean no. of electronG in state j; Z(E:.) density of 
states function;E-electron energy;€c·electron enerGY at 
bottom of conduction band; 
If electrons at the botto~ of conduction band are conGidered 
to behave as free electrons, 
Z( E:) = 27t::; L3 (2m/h 2 ) 3/2 E. t 
where g = degeneracy; L = di:nension of specimen; m1d if 
claGsical statistics are applicable 
ne = Hc exp{ -(E: c - E: F) kT} 
f~ is the Fer!ai level. H is the 'effective density of 
~tates', which for free c electrons is (ref. 5, pC3e 134):-
Nc = 4.,'33 x 1021 T 3/2 m -3 
·.vhich leads, "Hi th an equal nuober of holes, to 
n. = N exp (- € /2 k'r) ~ c ~ ., 
n. electr<)n density ~ in concuction band 
Put tin;,: in values for germaniurl at 300K 
n. 2.24 x 1019 -3 = m ~ 
Horant quotes 2.5 x 1019 at 300 K. (ref.2) 
5.5.2 The thermal distribution. 
The distribution of velocities above the bottom of the 
conduction band where v = 0 is given by a l1axwell-Boltzmann 
distribution:-
(ref. 5 equation 4,9) 
C = (m/21tkT)t 
Putting in C, and rearranging 
f(v)dv = 4 { m }3/2 '12 exp (_mv2/ZkT) dv 
27( kT 
The distribution function f(v)dv gives the fraction of the 
total p09ulation of N particles to be found on average with 
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velocities lying in the range v to v + dv. The actual popUlation 
is found from N x f(v)dv. 
In this problem, it is of little concern to know the 
velocity per se. Of more interest is a kinetic energy 
distribution function f( ~ )df:. (To avoid further subscripts, 
the symbol €. will be used here for thermal kinetic energy 
as opposed to total energy, without introducing ambie;uity). 
Hanipulating f(v)dv:-
E: = mv2/2 dE: = mv dv 
and 
= '2 
$ 
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As a check:-
s:c (- e/kT)d ... = J1C- (kT)} I 
2 
(ref. 6 page101) 
which means = 1 
and the number of particles with an enerGY lying in the range 
betl'/een e and ~ + dE. is N. f( e )de • 
An alternative form may be expressed in terms of the energy 
possessed by the particle relative to the quantity kT. 
Defining the relative energy R, 
R = £./kT kT dR = dE. 
and 
(-R) dR 
Again 
The function f(R)dR r.ri.ght be termed the UNIVERSAL DISTRIBUTION 
FUNCTION for indistinguishable particles in thermal 
equilibrium. From it may be deduced the details of any 
particular case given m and T. 
At this point, a digression to examine a feature of interest 
, 
, 
, 
which arises from changing the y1ewpoint from f(v)dv to 
. f(€) d6. The velocity distribution f(v)dv has a maximum 
at a ve1ocit~ corresponding to ; 
£. = mv2/2 = kT 
from which Roberts (6) states t~at the most probable 
velocity is given by 
whilst f(€)dE. peaks when 
€: = !d 
i 2 
presumably giving the most probable energy. 
TilU3 the "tJost prcbable ~Ieloci tytl anc. the "most ~!'ou&.ble 
energy" do not corres?onri. 'rhe a9parent discre~)ency stcos from 
the definitions of the classes of particle "dv" and "e€." .,.,hich 
are not linearly relatee. Rowever, the point leads to a caJceful 
consideration of the !;leaning of the phrase "the !,Jost probable" 
in this context. 
5.5.3 Accelerating the hi"h enerGY tail to E: .• ~ 
Returning to the main theme, the "uni'lersal distribution" is 
used to examine the population of electrons in the conduction 
band of gerinanium at 300 K with kinetic energies approaching 
O. 7eV. The object is to assess how many electrons l:lic;ht be 
raised to ionizinG capability by one half-cycle of applied 
field. 
The number of electrons per unit volume n' capable of being 
raised to ionizing (.. is given by 
n' =~1-l:~.? exp (-R)dR x ni x fl ,[,(~ 
- I>..T 
where n1 is electron density at 300K for intrinsic 
germanium, f' is the fraction \'Iith a therr;lal velocity 
acceptably oriented for acceleration by the electric 
field of the half-cycle in question, and (:.:in iE the 
minimum electron energy capable of being raised to E. i by 
one half-cycle of the field. It haE been shovm:-
• e E y = ....£ COE W t + C 
m <.J 
If the 
when t 
velocity is - vo ( in the direction of acceleration) 
= 0, • 
e y = 
When t = T/2:-
y = 
""'" 
;rr 
E 
-2. (cos W t - 1) _ v 
-v 
o 
o 
:3.15 
Thus ee.ch half cycle ';:ill incr"ase the velocity of the electron 
by 
e 
'" 
T 
- -
~ 
Iil K 
when E = 10
8 V/m and f = 2S.3 THz, 0 increase in y AJ 2 x 105 m/so 
The ionizing energy for germanium is 0.7 eV which corresponds 
to 5 x 105 m/so Therefore € min corresponds to a velocity 
of 3 x 105 m/so 
Thus £ min = 0.25 eV and €min/kT = 10 
Therefore :_ 1~ , 2 n = - fR' exp(-R)dR /fi' 10 
Since only an estimate lr required, it may be noted that in 
the region 10 tR4.a, exp(-R) is the dominant term, : .... ; 
'.'" ·.'·C .... ,. and the value exp(-lO) may be taken to be 
sufficiently close to the value of the integral. 
thus n' = 5.1 x 10~5 x 2.5 x 1013 x 0.1 (ta~inG f'~O.l) 
= 1.3 x 108 electrons per cm3 (very approximately). 
This is the number of electrons per cm3 With thermal 
velocity correctly oriented With respect to the optical 
electric field to accept energy approa.ching E.i within one 
half cycle. It is a further condition that collision does 
not take place before £i is reached, but does soon after. 
If 1 is the mean free path, y the distance travelled from 
the commencement of the optical field half cycle to the 
point at which £ =(i' and dy is the further distance 
before optical field reversal (or more strictly, to the 
point at which the next optical half cycle has reduced 
the electron energy tO~i once more), then the probability p(y) 
· j 
of a successful ionizing event is 
p(y) = exp(- y/l) ( 1 - exp( - dy/l)) 
An estimate of p(y) may be obtained for a "particular 
__ electron" given the thermal velocity at the commenceinent 
\ . 
of the optical half cycle (and Eo) so that y and dy may be 
evaluated. That is, both 
y, and dy = F(initial thermal veloCity, Eo' (i) 
For e;ermanium 1 is approximately 10-7m, or 200~300 atomic 
* spacings;" (1 might be expected to be a function of 
temperature, applied field E, and particular sample of 
germanium, as well as proximity to sample surface. These 
aspects "fill nO.t be taken into ,account here). 
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* (this value '"'"as talten from ref. 2 page 25 - but now seems high). 
5.5.4 Expected conductivity modulation. 
Of more interest is the probable' number n" of ionizi.ng events 
7 
per cm7 durine each half-cycle. In principle this could 
be obtained by integrating over the number of electrons 
v:i th acceptable initial velocity:-
nH = 
An impression of magnitudes may be gained by using the 
data in Fig.5.6. - 1 to consider a thermal electron commencing 
the half cycle with an energy of about 0./15 eV. 
Fro'd the figure, 
y = 7.6 x 10-9rn • 
dy = 7.6 x 10-9m. 
-7 1 = 10 m. 
}
the eauality is 
co-incidental 
thus p(y) = ex!'( - y/l) ( 1 - exp ( - dy/l)) 
= 0.9 x 0.1 
This says that the nature of crystalline ger,nanium is 
such that the required acceleration froe 0.45 eV to 0.7 eV 
is very probable, whilst the dOCli!ant tere is that describing 
the lil,elihood of an ionizing event before the energy is 
reduced by the next optical half cycle to less than Ei • To 
the order of precision here, the overall probability of a 
successful ionizing event is 
p( y. initial thermal energy 0.45 eV ) ~ 0.1 
The number of ionizing events per cm3 originating from 
thermal electrons with energies between 0.44 and 0.46 eV 
( i.e. dE: = 0.02) at the co:nmencement of an optical half 
cycle is:-
n"(0.45 eV) = ti f' i 
= 2.5 x 1013x 0.1 x 2.85 x 102 x 
(0.45)t x 1.5 x 10-8 x 0.1 x 0.02 
= 1.5 x 104 ionizations/cm3 ~ptical 
half cycle. 
8 (based on Eo = 10 Vim. f = 2S.3 THz) 
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This result would indicate that of the 108 thermal electrons/cm3 
capable of reaching € i' a reasonable proportion, say 105/cm3 
Will produce an ionizing event, With an additional 105/cm3 
electron density. 
The laser pulse is about 100 ns duration With near peak 
field. i. e • ..., 106 cycles. If each half cycle produced 105 
electrons/cm3 independent of the preceding half cycle, the 
net increase in electron density would be 
n : 105 x 106 )(. ~ 
: lO" electrons/cm3• 
if diffusion and recombination are ignored. 
Thi8 '1lould ma:<e an insi,;nificant contribution to the intrinsic 
conducti'/ity L;here ~. = 2.5 x 1013/cm3). 
l. 
'!/hen the ionizing collision takes place, the ionizing electron 
may ·:;ell possess enou:;h ener;:;y to produce a poste-event 
pair, each with a substantial fraction of f.i (tYOlically 
0.3 - 0.4 eV). If a lucky ela8tic collision occurs to reverse 
the velocity to keep it in phase "nth the field, the possibility 
of avalanche multiplication exists. This possibility is 
further examined in a subsequent section. 
If "lucky elastic collisions" be excluded from consideration, 
a significant increase in the conductivity of the illuminated 
germanium due to ionizing events in each half-cycle and 
utilizing electrons in the "high energy tail" of the thermal 
distribution seems remote. 
5.7.5 De~endence of modulation on field strength. 
The numerical values relate to a particular Eo (=lo8V/ m) 
and frequency of radiation (2·3 • .3 THz). To assess the effect 
on n" of varying these parameters, note 
n" = f( y, dy) 
2 
= f(Eo ' T ) 
" The relevant factors 
exp ( - y/l)~(l - y/l)~l if y/l is small 
{l - exp ( - dy/l)} _dy/l if dy/l is small. 
The factor representing the probability of a successful 
ionizing event approximates 
p(y) = exp (- y/l) (1 - exp(- dy/l))~dy/l 
and 
n" = const xS~! exn(- E./«T) (dy/l) de. 
-7 
"This section Vias based on 1 = 10 m from ref.2. 
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using 
_E~_e { sin u) t Y = 0 
(..} m W 
for guidance, observe that y( and also dy) is the sum of 
hlo parts, ess~ntially 
both y and dy = F \ f(E
o
' T2) + f(E:)} 
Pu t ting thi s in to the exyre ssion for n":-
n" = const. J:i~-t exp(- €/.~'r). F{f(Eo ' T2) + f(~)} 
Note that 1 has been included in the constant. 
The thermal energy €oo1' the electrons is of course independent 
of E 
0 
and T. After integration, n" is linearly related 
to E and 
0 
T2. For a CO2 laser, T is not at issue. Once 
aeain em"Ohasisin"' _ 0 the assumption that the electron thermal 
distribution has no "memory" of ·the previous optical half-
cycle,' a linear dependence of n" U100n E is too "slow" to 
. - 0 
satisfactorily describe an increase in conductivity amounting 
to· an avalanche. But the experimental evidence in support of 
avalanche formation is considerable. 
5.5.6 Observations on lattice temuerature effects. 
The analysis above assumes a constant lattice temperature 
at about room temperature. It is Ylorth noting that as energy 
is absorbed by the germanium from the laser radiation, by 
whatever mechanism, the electron density vdll increase as a 
rapid function of material temperature· rise Germanium can 
transform from a transparent medium at room temperature into 
o 
a hi5hly absorbing medium at about 300 C. Once the process is 
established, a thermal runa"lay can occur where the surface of 
the germanium is able to absorb a large fraction of the 
incident energy. 
5.19 
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5.20 
In an external (to the laser cavity) component, rapid meltint> 
and (nossibly) vaporisation will take place. When the 
ger:-:laniurll surface is an inteGral part of the laser cavity, 
presumably an equilibrium condition would establish itself 
where the germanium would absorb energy at just the rate 
that would reduce the mirror reflection to a value that 
just maintained the beall intensity at such level as 
produced the rate of energy absorbtion aforementioned. 
cavi ty rad, n " rise in temp. reau'ct10n 
intens(fn. of --~J>" of germanium ~ in mirror 
mirror reflec,~. mirror surface refectivity 
, .. ' f ..... ~ .. :. I 
';'.' .. , . ------------' 
The consequence of local heating (say due to an inclusion) 
would be to produce lacal "holes" or partial "holes" in the 
beam cross section. 
5.5.7 Summary. 
The possibility of producing a significant increase of 
conductivity in a germanium surface has been examined. The 
consideration has been restricted to finding the necessary 
additional carriers from the product of thermal electrons 
subject to an accelerating field for one half optical 
cycle effecting an ionizing event. Such thermal electrons 
would necessarily originate in the "high energy tail" of the 
thermal distribut1on. The host lattice was considered to 
remain at room temperature. The possibility of electrons 
being kept in phase with the alternating field by a 
mechanism of "lucky" elastic collisions has been excluded 
from this analysis. The mean free path was considered 
.. in varian t • 
Under these conditions it was estilaated that a field of peak 
intensity E = lOa'V/m ltithin the germanium would increase 
o 
the l10nductivity of intrinsic germanium by about 1% during 
a typical laser pUlse. This was based upon the idea that 
the thermal distribution of electrons for room temperature 
exists at the commencement of each optical half cycle. 
Carrier diffusion and recombination would reduc'Ol the 
excess (over thermal equilibrium value) electron density. 
Even if a consideration of the ionizing capability of 
holes would double the result, an increase in conductivity 
amounting to avalanche has been shown not to derive from 
"straight forward" (that is unidirectional) acceleration 
followed by ionization under the influence of the optical 
field. 
5.6 THE "LUCi(Y" ELECTROI1 APpaOACH. 
Shockley (29 ) has suggested .that for D. C. fields applied 
to semiconductors, ionization is produced mainly by 
"lucky electrons" that happen to be accelerated to 
ionization energy Ei without undersoing a single collision 
wi th phonons, even though the dists.nce required E:./eE 
l. 
may be many ti;nes the mean free path 1. If 1 is independent 
of energy, then the probability of this occurrence is:-
P(y)DC = exp( - ~i/eEl) 
Bass and Barrett (7) extended Shockley's treatment to high 
frequency fields by considering a lucky electron. In an 
optical frequency field a lucky electron is one which 
under:;oes just the right collisions to keep it in phase 
with the field. Such an electron requires about 3 half 
cycles for a field Eo=lcfv/m within the material at a 
5.21 
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frecuency of 28.3 THz to reach EO _ (Fi;,. 5. 6. "The secuence of 
. J.~ .y -
about 2 special collisions has a low probability, but then SO 
does Shockley's collisionless sequence for D.e. fields. 
Indeed, the D.e. and optical ionization probabilities 
would be expected to show:;he same field dependence according 
to this model. (7). 
5.7 BXPE;Ui·lliN'fAL SUPPORT FOR AV ALA:-iCHES. 
Before discussing the lucky sequence of collisions in more 
detail a brief review is given of some experimental evidence 
in the literature for the existence of optical a'lalanches. 
Bass and Barrett (7) produce experi~ental evidence that 
at least at Nd:YAG laser frequencies (283 THz) the measured 
damage probabilities can be represented by:-
p ( ;:; ) "" exp ( - K/E ) 
where E is the r.m.s. optical field. The D.e. 
ionization coefficient (which is defined as the number of 
ionization events produced by an electron or hole drifting 
unit length in the direction of the field) has the same 
functional field dependence. Ten materials were tested, 
including glass and SrTi03. They noted that amorphOUS 
materials were more damage resistant, which could be due 
to short mean free paths of the order of a mean atomic 
spacing. The short path would render a lucky sequence very 
unlikely. Among the crystalline materials tested, those 
With a large band gap have a high damage resistance as 
compared with those With a lower £i. SrTi03 which is knol'ffi 
to have a high mobility (implying a large 1 to the extent 
that "hot" electrons are scattered by the same mechanism 
as thermal electrons) is relatively easily damaged. 
th61t brGa1:l:do'.Tc1 Can bcc'..lr by avala!!cne, at leEd3t to the 
c::tent that a:tlorphou,f.:.1atcrial!: 8!1C. cr::stallin~ :11c?t8rials 
'-;'Iith 12,rJe ":land. Gap ar'S! cifricult to orea~do\'lnt ~'/h:i_lst a 
high rnobili ty matGrial da:~lages relati vel;l easily. Fur.ther, 
optical and D.G. breakdo'.'.'!l 'probabilities e:·:hi!:>it a ~i};lilar 
functional de,?encence on electric field strenGth. 
Ya':Jlonovitch (11) showed that at 28.3 THz, the bulk intrinsic 
breakoo\'m thresholds of ten alkali-halide crystal materials 
where "inti!!lately relat0d to the correspondin::; d.c. 
dielectric streneths", from which he concluded that "the same 
mechanism is operative in both tYI'es of experiment". 
Othe'r workers (12,13) extended the investigation to cover 
the frequencies 283 TP.z ($lass laser) and 434 T:-!z (ruby 
laser). Their resul ts a,~ain sUGgest an avalanche mechanism, 
f/i th si:sns of a fr~quency dependence coming in to operation 
above "..., ~-30 THz. 
Y. Yasoji:na et &1 conducted I>re-brc~do~m char,ze collection 
experiments with alkali-halide crystals from which they 
,deduced a breakdol'/ll mechanism:- "free electrons produced 
by lOul ti~)hoton ionization froLl she.llow donor levels such 
as colour centres are accelerated by the laser electric 
field and coy.e avalanche impact ionizatio.l". 
Wans et al (14) observes that Cd Te has one of the lowest 
absorption coefficients, yet exhibits a relatively low 
resistance to dalaa::;e (correspondinc to electric field 
..... lO~T /crn). They are led to consider whether 'hot 
electron runaway' and possibly 'some other collective form 
of instability is involved'. They considered some form of 
5.23 
likely to account fbr ~~eir obGervatio~E, rather than ther~al 
models. Interestingly J.~.Carroll(57) Etates that CdTe forms 
"domains" for E ",,13k'J/cctl'.D.C.). 
In the case of the brea;~dol7n of eases by laser fieles, Chan 
(15; March 73) tests a number of gases against a theoretical 
model based upon classical microwave cascade theory, and 
concl;.,des that "the gas breakdovm threshold is, in genersl, 
defined in terms of threshold power density in units of 
W'I/cu2". Later TUlip and See;uin (16; Aug.73) published 
measurements of pre-breakdown !llasma which gave "insight 
into breakdovm mechanism and pOinted to the importance of 
r:lUl tiphoton ionization for initiation of breakdo':m l'Ii th 
visible lasers". They note that cascade breakdown alone 
is. insufficient to account for their observations. 
Any doubt that the electru·field intensity was responsible 
for certain forms of dauage by dielectric breakdolffi must 
have been allayed by the'quantitative success of Boling 
et al (17) in explaining the asymmetry in damage thresholds 
. of the entrance and exit surfaces of a sample in terms of 
the electric field intensity just inside the surface. 
Previous attempts to eX!llain the facts of surface damage 
by Giuliano (18) in terms of the formation of acoustic 
phonons failed to produce quantitative predictions. 
Thus it is fair to say that by 1973, the role of avalanche 
breakdovm in producing laser damage of a variety of , 
materials raneing from gases to! wide band-gap alkali-
halide crystals had been established beyond reasonable doubt. , 
5.24 
-, 
, 
Deopite difficulties in constructing a model for avalanche 
breakdown, further. consideration is justified. The difficulties 
stem from the rapid alternations of field direction, and the 
need to accelerate an electron (or hole) to energies "'leV. 
It is probable that in many materials mUltiphoton processes 
are able to provide an initial supply of electrons which the 
laser field is then able to accelerate. The initial supply of 
E'lectrons in a Ge etalon, which is part of a laser cavity, is 
not the main problem, since at room temperature we may expect 
I' 3 
ni '" 2. 5xlO J per cm , a figure which would be enhanced 
by photo electron-hole pairs generated by light from the 
discharge. Thus the acceleration of electrons by laser 
light to ionizing energy through a sequence of lucky 
collisions ',vhich keep it in phase with the laser field will 
be considered. 
5.8 Avalanche due to the "lucky electron". 
Accordin~ to Bass and Barrett (7), an electron destined to 
produce ionization undergoes a sequence of elastic collisions 
with phonons, which effec.t_ively change the direction of the 
electron momentum such as to remain in phase '!Iith the 
optical field (Fig.5.8.l). Suppose that an electron~ starting 
from rest, will remain "a.cceptably" in phase \"1i th the field 
provided it travels a distance Xl -Axl , during one half-
cycle, undergoes a "proper" collision somewhere between 
Xl -Ax1and Xl +t.xl , then travels to Xz -bx2 without 
collision, etc. The necessary turning points xm are 
determined by the field zero-crossing times. Suppose further 
... ..:~ 
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that of those electrons exneriencinc on eIDEtic collision at 
about the right time, only a fraction f find their yost-
collision momentum correctly oriented for further acceler&tion. 
For a (supposed) isotropic scattering, f might be expected 
to be about 0.1 or 0.2. The overall probability per unit 
time of the electron bein/; aca:elerated to €i is the trial 
rate times the probability of this sequence of events. The 
trial rate is the collision frequency 1/'rcoll. 
p(Ei ) = _1_ 
'['coll. 
where M is the approximate number of half cycles of the 
field required for the el.ectron ,energy to reach E i' Nov:, 
if 1 is suficiently small, exp(-2 .o.x
m
/ l ) «1, so that any , 
electron that makes the range x ,::t:: ~x undergoes some 
, m m 
collision With ):ligh probabill ty '. then 
1 P(E'.)-.. __ 
1. .-
'["colI. 
'('coll 
, 
i 11 ~xP-(lxm - xiD_,lf) ~ f 
M=l I 
)( 
where xi is the total path length needed to attain energy 
fi' i.e. 
With E being the time average of the abEolute magnitude of 
the optical electric field. 
It has been assumed that the fraction of favourable collisions 
f is constant throughout the process. Also other sequences of 
events leading to ionization, but including less favourable 
stages in the process,have been omitted fro~ consideration. 
In fact, the inadequacies of this theory are the S3me as 
for Shockley's d.c. model, which nonetheless has been 
successful in describiag the experimental data. (7,29). 
5.9 Da!!lage by Avalanche. 
The probability of obtaining ~ ionizing event from the 
acceleration of available electrons in an optical f:Leld has 
been obtained. To produce damage to the material, many such 
events must occur (243 free electrons produced haB been suggested 
as a criterion in relation to gas breakdown). However that 
maybe, sufficient plasma must be present to absorb enough 
energy to show damage. It happens that the electrons 
produced by an ionizing event have energies of the order of the 
band-gap. Thus the prcbability of producing a second generation 
of ionization ,and subsequent generations, is very much higher 
than that for the first. The process of plasMa production 
by avalanche is mainly determined by the initial stages. 
Bass and Barrett (7) find (for a range of d~fferent materials) 
that the probability of damage With a given r.m.s. field E 
peEl is directly proportional to the probability P(£i) per 
uni t time of a thermal electron reaching ionizing enerGY (i. 
p(E)cC P( (i) 
This relationship could be expected to hold if the avalanche 
statistics were governed by the first stage or two of the 
avalanche. In the next section, the 'lucky electron' model is 
5.28 
ap?lied to the case of Go using a computer aided calcul~ti~n. 
5.10 'Lucky Electron' in Germanium. 
5.10.1 The comTluter prop;ramme. 
To examine the lucky electron model in rel",tion to Ge 
illuminated by a CO2 laser, a com"uter proGra,nme \'Ias 
written to evaluate P( €,). Numerical evaluations \'Iere 
~ 
cbtained for a range of parameter valu~G; in p;;.rticular 
f: i (O.7 to 1.3eV) and mean free path 1 (lnm to lOOnm). 
The numerical technique rendered unnecessary Bass's approxination 
requiring a short mecn free path to ensure a high probability 
of momentum reversal during fie11 zero-crossing. It is not 
a very satisfactory assumption in a high mobility seUliconductor. 
Some assumptions and arbi trary choices I'lere Macie. The l!l.?in 
ones were:-
a) m.f.p. independent of elo:)<:tron energy E:. 
b) collision rate const~nt. 
c) momentu!!! reversal within )./10 opticAl cycle 
tim9 T of actual zero cro:"sing. 
d) full t cycle aVailable energy taken up 
between collisions, irrespective of 
collis::'on time. 
e) collision lVi th phonons is isotropic. 
f) energy lost by elec "ron ir! collision 
negligibly small. 
Note. that (a) and (b) are mutually e~luSive. That 1 is 
independent of E: is "enEl'ally acce·~ted. Seitz (25) eives 
Ift'COLL as a function of electron enere:'. He finds the t 
collision rate ranger, from 1013 to 1015 • A fiGure of 1014 
bJ' Bn,,:: (7). To assess t:-'CI:l, reference u:J.y bc :ledc to 
Shocj.ley (27) and others (25,28,30). The P' obability P(e:.) 
1. 
~ 
of an electron eY.istinG in " volume 1()1ll)~' ':i th -:\n ener~y 
£i iR calculated (for-field strenGths::; = 107 
froo:-
where N ir: the numbp.r of conduction b~nd electro!1[c in the 
element of volume 1(1'n)3. The Volume is thouGht a!,propri8te 
to the damCl[e marks in Fii';.4.7. 
5.10.2 Discussion of results. 
To inter"ret the results the crude ie.ea that 'when P(€: _) > I, 
1. 
. ' then brea,(doVln 8.vnl"nches are consider0d to have formed "lay 
be utoed. Breakdo\'m fields'" 4xl07 V/m are obtr>ined. This need" 
to be co;npared Vii th avai '-able experimen t '11 (l"t.~. But .since 
absolute values of break 'ovm field a.re n::>toriously difficul t 
to derive (due to the extremely rapid dependence upon field 
strenGth), the va.riation of threshold RS Cl function of 
m.f.". is more siGnificant. The r>roGre_'ula'~ reveals e (reletivel-;) 
deep r.lini:;lU:U in EBR for l""lOm:l at the CO2 Inser fr,3quenc,Y. 
Th!." iG about the value ;:iller (37) rJe3fured for Ge 0:;:·:1"1). 
Once "honn, the existence of [Ouch R ::lini:;lUm Dt opticnl 
frequencies is "Obvious". 
It rlould be n useful tert of the :aodelto 1001: at its 
predicted de"endencc of 3riR on 1 Clnd 101: 0 of !;B!I on 
••• ¥~~ , 
.' .--
.... 
~. i: 
5.30 
with published experimental values could be made both for 
Ge and other m~terials. If these results looked promising, 
the model is capable of considerable refinement. Comparison 
,of 'this model with that of Molchanov (48), and with ths work 
of Keldysh (3l)'might lead to significant progress in 
understanding the interaction of intense light flux~s with 
materials;in particular with semiconductors • 
. ', 
5.3l 
'rhus far t!E~ ,!)roblem of electron (ar:d hole) dY12.:'l:Jics under th(! 
influe~ce of hiGh fields in germaniuM has been treated as 
though the electron is a classical particle Roving essentially 
as if it ~ere in a free s9ace containins obstacles (the lattice) 
capable of reversing uomentum by collision. The only concessi'Jn 
to the electron envirOnm?Lt has been ackn?wledf,ement of the 
reduction of the field strength due to the dielectric const&nt. 
In fact, the electron moves in the periodic notential of the 
lattice. Wave mechanics is the best descriptive tool presently 
available to handle this si tuation. Starting with the SChr6ain;;er 
equation, and eX9ressing the periodic potential of the 
lattice, Bloch produced solutions in terms of electron energy 
(liw) and electron wave number k. This may be expressed in 
the form of an e: -1< diagra:;]. By interpreting the sloj)e in 
terms of velocity, the curvature in terms of (reciprocal) 
effective mass, and the quo.ntity p=11 k as elec·.ron momentum 
(Shockley, ref.55, pace 143, prefers the name 'crystal 
mom~ntuml), the mathematical formalism of classical 
Newtonian mechanics can be retained. The problem Can 
frequently be treated as a particle problem if the proper 
• 
values of para~eters (e.g. effective mass m ), and certain 
restrictions observed (e.g. energy bB~ds). Hyde (63) gives 
a useful summary. 
5.12 Hot electrons in germanium; a literature review. 
The damage which occurred in our laser e::i t mirror, and of 
which we have sou(lht to gain an understanding, appears to be 
the result of increased electron density in the germaniu~. 
The resulting energy absorption from the laser beam is enouGh 
5.32 
to permanently damage the crystal. Two mechanisms are candidntes 
for the electron density enhancement, Zener emission (23,33), 
and avalanche multiplication. 
The interests of the solid state electronic industry has 
resulted in a considerable literature concerned with the 
properties of semiconduc.tors - in particular germanium. A 
selectionof papers (refs.24 to 31 and 35 t.o 3:;,'+1,42) have 
been studied in relation to such topics as 'hot electrons', 
drift velocity saturation, avalanche formation, time 
dependeLce of avalanche formation, filamentarJ' currents, 
and surface effects. Note that these papers deal mainly 
With D.e. fields applied froe electrodes (or pseudo-
electrodes such as p-n junctions). There is interest in 
fields up to micro\'lave fr,~quencies. Our int8rest is "Ii th 
strone fields at optical frequencies (23.3 T3z) applied 
without resort to electrodes. In this section, an attempt 
is made to sun:marise the work done on /iernuniu,o uneer the 
stated conditions, and draw such inferences as we may in 
relation to hot e10ctrons in germaniu.:l driven by ntronc; 
optical fields. The pattern of the enquiry is shown in 
Fie. 5.12.1. 
I .. ;' 
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D.C. fields ------- with electrodes 
or AValanche? ; 
. t Zener 
. . r, - ... "f----', 
Shockley et al 1951 
. narrow junctions t McKay & McAffee 1953 broad junctions 
---- How does the electron gain energy ? 
Ballistic 
Shockley, 1961 
Bass & barratt, 
Distribution 
1972 
displaced Maxwellian 'Wolff V.high field 
pointed ~ C> - Shockley low field 
compromise 
between two 
Baraff.medium field 
How much energy required for impact 
ionisation? 
Carroll 1.5 eV 
McKay & McAffee 1953 3 aV 
Ge Miller 1955 3 eV Shockley(by op-
tical absorption, 
by VaVilov) 1959 1.1 eV 
Si 
-l McKay & McAffee 1953 3.6 eV 
What constitutes bre~down? 
How long does it take ? 
McKay & McAffee 1953· <ZO·.·ns 
_______ When formed,is the current filamentary ? 
.. Optical fields ?? 
Fig. 5.12.1. Hot electrons in Ge - plan form of enquiry 
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The concen~UB of opinion is that both me~heniG~G have been 
obeerved. Zener emic.sion 1s only cbserved ir. Uarr(El Gpcci.::Gns 
(r-J 500 ~ '.':itle (33). ~:I"i.cer s'!.)ecim'?n::: exhibit 8.valc,Tlci1e 
breal·~do,:.rn. The field strenGth requirec. for avala.nch(:! 
brea1~do~'m increases as ttc s!!ccimen nidtl: dec::'''''~[,RCE t~ue to 
the finite lenGth required for the charce 'TIul tiplication 
process. Presu:nably in narrow junctions the Zener threshold 
field is encountered before the avalanche threshold field, 
whilst in broad specil~ens (~ 0.1/"') the reverse is the case. 
Althol~Ch precise data is not available, l:iller (37) st2.tes 
that the Z,~ner threGhold field is Greater than 3.2xI07 ·1/!:1; 
l'lcAfee et nl (33) state the thresholc. to be ..., 2 •. ?..,,107V/;-'1 
(expt 1 .) nhilst their equ.a tior. prec'i·ct.s (. 9y.I07" /m. Gunn' c 
:neC'.sureme:1ts (33) indicate an avalanche treGl;dcri!l field as 
low as f,xlc 6V/m. It seeras safe to say the.t e.vale.nche 
multi,llication can occur for fields about an order of 
maGnitude lower than that re~uired for Zaner e~io~ion. In 
the case of b:-eakdovf!l in :Jttr etalon, "s:!(;ci:.ll~n cize" 
infornation ",ay be interpreted (in the s~cencc of electrodes) 
intD the <!~estion" i3 there roo:a for D.n e.vaJanche tc ccvel'Jp':'11 
to which the response is "YES - ,:>le'1ty!" Tl'.us the evidence 
seems to 8u,,;Jort the idee. that the optic:'.l ~amage is by 
the agency of avalanche multiplication. 
A crucial Question concerns ti~3. If the Zener emiBcion 
in a very rapid process «optical ~alf eycIs), this 
IUccha.niGm ~':ould be favourec. ac.:ainst a slc·\'Jcr avo.lanche ~)roce:::::;;J 
even at hir,her field thr,·::hold. P'C'·;,ver, inf,)r:~atio:1l'1h·ich 
woul~ resclvc this is n·.)t :?resently at h:1nd. !nterestincly 
I do not recall any reference in the laser da~ace literature 
to charge mUltiplication by Zener emission leactine to 
destruction. Further, i':; seens to me, a rlore or les3 uniform 
charee distribution would be available for absorption, 
leading to a featureless damaee mark •. It would be difficult 
to explain filaments as observed in the etalon. The balance 
of ev:_dence thus support!': the proposi tion that the damage 
marks oVle their origin to avalanche by i!lpact. We shall 
accordingly further discuss the observations on the assumption 
that avalanche ionisation by impact is a key feature. The 
processes by which the carriers are "heated", and become 
capable of ionization, are of considerable interest. 
·5.12.2 Production of "hot carriers". 
To produce ionization requires a minimum carrier energy (:i. 
At room temperature the average carrier ener:;y (2:",T) is 
2 
"" O.025eV, whilst E:i~ 2eV for Ge. The net gain of enerc:y 
fro~ the field is the result of the competing processes-
enerEY input fron the field, and dissipation of energy 
to the lattice by phonon interaction. The nature of the 
phonon interaction is a function of electron energy (and 
is thus related to applied field) and lattice temperature, 
and has been the subject of debate (Von Eippel, Fr5hlich, 
Seitz, Shockley, 24,25,26,27). Information reeardine electron-
phonon interaction may be obtained expp.rimentally by 
measuring drift velocity as a function of applied field 
(Ryder, Gunn, Chant! 3L;,38,42). The results of Gunn are 
5.12.2.1 
shown in Fig. • Following (:nainly) Shocldey's lucid 
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treatr.lCnt (~7), the initial linear depen<'ence of vd unon E 
is due to the abili ty of the LA phonons to "aintain the 
electrons at the lattice temperature TL• As E j.s increased, 
the electron te~perature Te rises above TL and the collision 
rate l/t; ... increases (assu:,\ing mean free path inde!,endent of 
electron energy). The mobility is reduced \'Ii th vd increasine; 
as Et. Further increase of E raises the electron energy to 
a level sufficient to stimulate optical nhonons cI;w t = 
. op 
O.037eV for Ge (29». Under the assumptions that electrons 
lose an energy t"'oPt at .each colliSion, irrespective 
of collision geometry, tr.e drift velocit:: v d saturates. 
Further increase of field eventually leads to avalanche 
breakdown. Seitz (25) pOinted out the importance of the 
acoustic phonons in electron enereY regions of a fevl eV, 
where hitherto only optical phonons were considered to 
be effective in energy tr'lnsfer to the lattice. A bosic 
understanding of electron-phonon interactions cont~ibutes 
toward a model of impact ionisation in germanium. 
A model of carrier multiplication requires a knowledg;e 
of tlle nu!uber of electrons raised to energies greater 
than C i at a eiven field. Thus the enere;y distribution 
function ~(£) is needed. Many authors have approached this 
subject (e.e;. Seitz, Wolff, Shockley, Baraf!, Keldysh 25, 
213,29,30,31). The si!:ll11est pro~~osal is o:~ a (liGplac~d 
lI,axwellian distribution shifted to an or':!.:';i!! on -t:'\*vd 2 • 
It depends for its validity on predominacce of (e -e) 
scattering, which does not apply to a se:liconductor. 
Gibson (40) maintains hOI ',"ver, that results of calcc1.le,tions 
I .. ~_ 
. •. '..J 
of SO~:IC ~~ramoters (!lobillty for eXE~ple) arc not at all 
sensitive to inclusion of (e - e) scatter~~6. It is 
mather.1atic",lly tractable and therefore attractive. Shockley 
heE :;uGGestec a sI'nerical distribution \'.'i th an elonGated 
appe~dage in the direction of the field. ~lectrons reach 
E:i in a ballistic flight. \'iolff proposed a distribution 
essentially isotropic (in fact a Haxwellian ) in which the 
energy Ei is reached, or is "diffused toward" through the usu"l 
collision processes. ~:either author took account of the 
semiconductor band structure, the details of which were 
unlmown at the time. Baraf! harmonised the two approaches 
by noting that Shockley's distribution was a;:>propriate to 
'lo\v fields,foloC e.x.f'{- C-;ST)}, while Wolff's ~Ias appropriate 
to 'high fields,{o(.,('e.x.p(-~¥)J. Baraff solved the 
Boltzmann transport equation by numerical techniques. His 
results therefore pertained to a series of chosen values 
of the parameters, and to temperatures sufficiently close 
to zero. Keldysh extends the work by solving the problem of 
impact ionization analytically, With the adv,nta6e of the 
abili ty to 'select arbitrary values of field E and temperature 
T. To use his expressions, a variety of materials data is 
required (in this case for germanium) .No numerical cOr.lparisons 
are made between his expressions and published experimantal 
data. It would be informative if this Wer3 done. The writer 
is presentl:r unaware of subsequent publications as there 
ma:rbe dealing With this matter. 
The processes by which electrons become 'hot' in germaniu!:l, 
at least under the influence of D.e. applied fields, is 
'j.37 
fnirly well mod<ellp.d. The "bone!:" seem to be in place. ThouGh 
there is room·for continued r,finement in correlating experimental 
values lVi th predictions derived from the models. 
5.12.3 Vlhat is the value of E1? 
~ 
Conservation of momentum and energy demands that £1 is greater 
than the band gap energy ~ g for ionization by a hot carrier. 
If the (effective) masses and velocities of electrons and 
holes are designated cl
e
, ~, v
e
' v h ' wi th the incident 
ionizing electron initial and final velocity vi and v f 
respectively, then conservation gives:-
energy:-
Incident energy is minimized when v = vb = vf Ylhen:-e 
for ionization by electron:- (~i) e = 2me + 1'11 E: g 
m +~ e 
for ionization by bole:-
That both electrons and holes could ionize was demonstre.ted 
experimen tally by HcK3.Y et al (35). In soneral the values 
for ionization by electron and by hole will have differing 
values. For a Ci ven applied field the corres})ond1ng ionizatic.n 
coefficientsol(E) and (3 (E) will differ. r:evertbe1ess nuch 
of the earlier work was carried out under the assu;n?tion 
thatol(E) =f(E) in gerr.wnium.HcKay (35) foundol~f. 
In this case, the mathematics is more straichtforward, and 
it was considered that tl:e theory for avc.1anche breakdo'l'rn 
.'!I",!I.l", •• , !/I~ 1..,1)'.1 p~:mr..itlv·; lo difrt:'r'~Jlr;lJ i.n'Ji. .... ndp<.5(). 
Later, ;·liLler C;7) ilwe.surine avalancho br~eJ,do\'l!1 1!l ;:;er;.:aniUl;1 
(19;·5), fOllnc that th" ionizinG rate for "ole::-; is lar~er than 
that for electrons by a factor of about 2. Xiller's results 
were in close ac cord \"Ii th the theorv of \'Iolff (23), ir.:tplying 
Baraffs' (30, in 1962) hi~h field condition. The expressions 
(above) for E"i sugGest (e.ssuming m;- ~)th~t the '~niOlu:r. 
carrier enerGY required for impact ionization "'It to 2 times {: g' 
Thus for Ge the ex?ccted vdue for €i=l to 1.5eV. Niller (7) 
obtained a value Ei = 1.5eV for Ge by interpre+inc his results 
aGainst Vlolffs' theory. Shockley (29) re'liel'/ing experiments 
carried out by several experimenters, in particular l-lcKay 
and I1cAfee (35) with "L - particle bombardlnent, and by Vavilov 
on the photo-production of electron-hole pairs,obtains values 
of t. for Ge in the lanze 2.8 to 3.!) eV. :.'his de.ta, hO"leVer, 
l. 
includes enerGY tal;:en up by phonons (lurinr the !lair proc'uction 
process. 
Tilere is reasonable aGreernnnt betwcen exncctation and experiment. 
The mini:num impact ionization energy is considerably hiGher 
than E: - of a fcn electron-volts. 
G 
5.12.4 11hat constitutes breiL:dol'1n? 
Producing an electron-hole pair does not constitute brea}:do'.m. 
EnouGh energy has to be transferred fro"l the carrier populatio:! 
to the lattice to disrupt it before visible (c,ernanent) 
dama:;e is pr00.uced. Sei tz (25 - pase 1379) arGues coc;en tly 
that a sui table criterion for breakdown ice th."1t one !lrir!Jary 
clectron should :'roduce le 12 secondaries i.n a field", lO::V/;:l -
i. e. 4C ::enerations of paL' production. Bc.ch lattice. "oint 
Vlould rcceive '" 10eV (10 6 J !.ler mole), more than enou:;h to 
t- 7'1 
) .. J' J 
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!!!clt Ge (N 5.5 x 10' J per mole). T:le nrCU:le!lt is conducted 
for a speciMen NI Cm between electrodes; the s)cci~Jen 
di,:JCnsionB affect the rc£ul t throuC'l the "diffusion-
diru:.eter" of the current ':lath. Seit~ doeE: not aPI'ear to 
allow for the ionizing and ener;;y dumping capacity of the 
holes ~roduced, as VIas the case with many of the earlier papers. 
However, the criterion of 240 electrons ~roduced is a useful 
zuide for our purpose. 
5.12.5 How lonG dON: a'lalenche formation te.ke? 
Our problem of the dru~ace tracks in Ge invol 'Ies two short 
time para"eters - the optical field t - cycle time of"" 10-145, 
and the laser !lulse duration' time '" 10-7 c. It is theref:>re 
relevant to examine the relation of avale,nche formation time 
to these orc1.en of magnitude. The equations for €i (above) 
show that for minimum initial. enerey, th€: ratio of pair 
energy (each carrier) to impact energy is Nl/9. 
Fro:) momentu ..• conservation 
•• 
2 
v f 1 
--, "'-
v '" 9 i 
'" 1 3 
Therefore the carrier has to cain E: i be tween each ioni zing 
event. The individual carrier veloc:~ty drop[; irom lo6m/s to 
f'V 3xl05m/s, both figures appropriate to the saturation 
~ 
drift velocity (velocity average) of 10;",./s in Ge <34,33,42). 
Therefore, in the direction of the (d. C.) fi.~ld, we can 
reckon a constant veloci t:r of 105m/ s , 'an6. a Gain of energy 
of EeL. where L. is the free path between ionizinG 
1. 1. 
collisions. Setting€"i~ 2eV, and E;3R"" 2 x lo7V/:::1 <37.41 
-7 35 is higher. 38 is lower) gives Li = 10 M and a time 
between ionizin~ ccJ.lisions 1'i rv 10-12s. Forty (ienerations 
in cascade would require 4 x ID-Us. (lAVAL.)' This could 
be shorter by a factor of ~2 if it be conjectureJthat the 
avalanche leader moved at an indivinual hot electron's 
averaGe speed between collisions rather than at the group 
drift velocity. 
Turning to the literature for evidence, McKay (36) mentions 
10-10s. (though not quite identical circumstances); ref.35 
quotes 1(AVAL.< 2 x 10-8s ., their oscilloscope rise time; 
Shockley (29) fits an avalanche theory to six sets of 
experimental data from four independent experiments to 
come up with LiILr = 57 where Lr is the phonon mean free 
path. He does not use a value of Lr for germanium (only for 
silicon derived from curve fitting to Chy~oweth's measurements 
C39, and another paper 1960). So taking !-liller's L .= l30~ 
r 
for germanium based on curve fittinc his measurements to 
Wolff's theory (23), the ionization free path becomes 
Li = 7.4 x 10-7 m. Interpreting McKay and l1cAfee's (35) 
graphical data for Ge, L1 = l/~ rv 10-6m• ConSidering the 
. BR 
rather hybrid deduction from different theories and 
measurements, this seems in fair agreement with the "knOCk-
about" figure of Li'" 10-7 m deduced above. This corresponds 
IV -10 I to L AVAL~lO s. again. f we required greater precision 
for ~AVAL' we could intepret the above references more 
carefully, .and bring in further evidence from Lee (32) 
and Whitehead (ref.56 section 2.8 page 95). But for the 
moment this will suffice. 
It seems clear that, in terms of the laser radiation 
damage problem, the avalanche formation time is of the 
order of 1'13000 optical cycles, whilst remaining only IV 1/100 
5.1;0 
• 
of the laser pulse len~th. Alternatively stated:-
T «'YAVAL ( ~LAS 
The relevant field strength in the data is the threshold 
field, which is also the relevant field experienced by the 
etalon in the areas under study. 
5.12.6 The Avalanche Track. 
It might be expected that if a uniform field were applied to 
a homogenous specimen, the ionization coefficient cL. (andf) 
would be uniform resulting in overall avalanche breakdown. 
However, a neeative resistance characteristic Vlould produce 
entirely different results. That semiconductors may possess 
an intrinsic negative resistance property has been suggested 
and subsequently observed in some cases. 
KrOlner (65) has suggested that the negative mass that the 
carriers would aquire at the top of the band might, under 
the correct circumstances, provide a useful negative resistance 
(NemaL; amplifierl.Ridley and Watkin'3 (43) first suggested the 
form of nec;ative resistance associeted with a ::>articular 
conduction band structure, from which the Gunn diode he.s 
developed. This is a voltage controlled characteristic 
giving rise to domain for~ation. 
RirlldY in 1963 (44) examned the concepts of volte.Ge controlled 
neGative resistance, and current controL1.ed neGative 
resistance in semiconductors. He showed that for current 
control, a uniform field applied to a ho, .. ogenous 
semiconductor specimen would result in a transient instability 
leadin5 to the formation')f a currmit filament. The current 
5.41 
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densi ty l'Iould naturally concentrate in to a nO:'!-Il,.iforM c":-:-en t 
flow. This is not a -maGnetic pinch, as in the case of discharGe 
throuch a Gas, but is a consequence of space charGe formation 
in avalanche, and resultinJ radial field cO!!lponant. 
The properties of Ge and Si will Give rise to a current 
controlled negative resistance. The filaments were prcbably 
first observed by McKay in 1954 (36), although he did not 
recognise them as such. The reported properties of his 
avalanching diode. and his resulting deductions all fit 
Ridley's discussion, Further work and observations of current 
filaments have been made by Muller (45) Rlld Barnett (4E). 
This aspect is of particular interest in the optical 
damage prob.'.em. Wang (14) reported "some sort of instability" 
in GdTe at N l07V/m of laser field, GdTe has been shown to 
exhibit the Gunn effect(formation of Ridley and Watkins' 
domains with D,G, applied field) at about the same field 
(1.3xl06V/m; Car~ll (57) paGe 72 reporting Lud~dg). 
We are more interested in filament formation, which the 
damage marks strongly indicate were forlQcd. Given that 
filament formation is natural under a D.G.field, the 
questions raised by the laser damage in Ge are:-
(a) Might filaments be expected with rapidly 
reversinG fields (T «"CAVAL)? 
(b) What may be said concerning the size 
di!!lensions of t~e current filaments? 
(c) Why do they occur in a particular direction? 
(d) Vfuy do they show a more or less characteristic 
filament-to-filament spacing? 
Further remarks will be nade concerning these subjects later. 
5.12.7 Plasma effects in semiconductors. 
The quasi free carriers in a semi-conductor may support a 
number of wave types, for example helicon waves & Alfven waves 
(58). These waves are charge bunching effects, not to be 
confused with quantum-mechanical waves. Some wave types 
require both electric and magnetic fields for support, whilst 
others require only an electric field rroducing a drift stream 
of carriers (see also Carroll (57), chap. L). 
In seeking the mechanism behind the etalon damage, the 
possibility that an interaction between the laser light and 
plauma' waves and/or acoustic waves might be a candidate .should 
be borne in mind. The periodicities of the dama6e might be 
eA~lained naturally by such interactions. A further periodicity 
occurring in the problem is the amplitude modulation of the 
laser beam with a period N 2L/c corresponding to N150HIIz 
arising from the multimode operation. 
Searching this area for possibilities with some 'back of 
envelope' sums, as far as I can determine these waves have no 
role in producing the observed etalon da!:Jage. As al1vays in 
scientific inquiry, an open mind may be retained as this 
conclusion is my judgement based on a limi ted l:nowledge 
of the subject of plasma waves. This topic will not be 
taken up again here. 
5.12.8 The Surface PhysiCS of Ge. 
The work so far has considered only the physiCS of Ge in bulk. 
But the observed damage is on the surface. No evidence for 
the conditio~ of the bulk material has been obtained, but the 
evidence fro!:! the S.E./·;. photographs succ;eDt a damaee depth 
of ~enetration of 1 or 2~J. It is well known that surface 
ste.tes exist within the band gap (60,66). The preVious numerical 
work Vias based upon E: = O. 7eV, but in the surface it may be g 
much less. Assuoptions that the recombination rate of electrons 
and holes (lifetime in bulk NIOO;ps) is too slow to be 
considered may not be valid; the influence of the etalon 
surface polishing (duri'l'; manufacture) on the parameters is 
unknown. The electric field strength over the first few atomic 
layers of the etalon as a function of the free space value 
uust outsid~ warrants careful consideration (17). 
Finally it has been shown (21) that unless very special 
precautions are taken, heat cycling introduces acceptor 
centres into the germanium, thought to be due to the presence 
of eu as an impurity. Quenching the hot material enhances the 
effect, with as many ES 1017per cm3 acceptors introduced. 
These are precisely the conditions beinG postulated as 
occurring in the linear melts (section 4 of this \vorlt, also 
refJt.2) .The hY'pothesis offered in !;ection 4 required e. 'oulse-
by-pulse "roVlth of the linear melt. The c.:>pper circUl!lstonce 
would aid e;rowth by rendering the melted re::;ion permanently 
more conductive by a factor of up to 10.000 times. These 
regions would then rapidly re-melt in the early part of the 
next laser pulse allowing time to "work cn" the boundary of 
the melt Md extend it. The pat tern of linear melts is able 
to t15roVl". 
SUlU~arising, the 'hard' kn·)Ylledge concerning the surface is scant. 
Where the factr: are unlmo\"Jl), their exictellce beer: i.c;nored (there 
are many (;ood precedents for this procedure in the cited 
references!). Such 'hard data as is available (21) tends 
to support the hypothesis of section 4. The Cu acceptor 
centres, the reduced energy gap ~g' the hiehcr electric 
field at the etalon surface, \Vould all contribute to the 
hypothesis about the damage formation, 
5.13 Concludon to section 5. 
In section 4. a hypothesis \Vas presented to explain the 
observed drunage marks made by CO2 laser "light" on the 
surface(s) of germanium etalons used as exit mirrors in a 
pulsed laser. The hypothesis required that linear melts were 
caused by avalnnchinG current filaments driven by the rr-dia.tion 
electric field. Section 5 has been devotect to examining the 
details ~~d plausibility of impact ionization currents of a 
linear geometry driven by ~n optical freqllenc;r electric field. 
Th~ "pproach har.: been 0 step-by-step anal~'sis r:te.rtinc \"i th the 
dynamics of a. free electron in an electrO-I:!f.lr?letic field 
of optical frequency, and working u,:> to e. full reView of 
5.l~ :: 
recent li tere ture dealint; lVi th impact ioni zO.tion in se:::i conduc tor!': 
(IJainly for D. C. excitation) and related topics. A CO!ll~Jl.: ter 
proGramme waG written to examine an idee. ~)ut forward in 
re!.7., incertinc; appropri::.te rarlWeters .. :01' Ge. 
\ 
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6.1 
6.1 Generbl introduction to Chapters 6,7 and 8. 
It has become clear that no further substantial progress can be 
made in quantitatively understanding the formation of the surface 
patterns without a more profound knowledge of the thermal and 
optical properties of Ge. The next three chapters, 6,7 and 8 
will be dedicated to this purpose. 
\ 
It is therefore proposed to go right back to first principles 
and construct a working (mathematical) model of Ge. The model 
needs to work over the full temperature range 300K - l2l0K, that 
is from room temperature up to melting point temperature. 
There are then two clear requirements which may be identified. 
The first is to assemble together the relevant aspects of 
ex isting theory, from the many seperate areas of knowledge to 
which they properly belong. The second is to assign numerical 
values to all the Ge material parameters of interest over the 
full temperature range. Some of the main parameters are f' C , 
k(thermal 
k , oC , 
conductivity), ~ '/ 
..,.. , t, R, ••.•.•••• 
from 300K to 1210K. 
I • I " 
,1' , n, ,a', ~ , C, C , n , 
for which magnitudes are required 
When such a data base is assembled, many different circumstances 
of laser interaction with Ge may be modelled by solving a 
suitable partial differential equation, such as will be defined 
early in chapter 6. It is not expected that analytiC solutions 
will be available for most realistic laser interactions of 
6.2 
interest. Resort may be made to numerical techniques for 
solution. 
;. few remarks will be made on each of these two requirements ........ 
to assemble the relevant theory, ••••••• and to construct a 
numerical data base describing Ge. 
To illustrate how widely the required theory is dispersed, and 
• the consequent need to collect it together here, one or two 
specific aspects will be mentioned. 
The behaviour of the thermal conductivity of Ge over the temperature 
range 300K - l200K needs to be established. It may be suspected 
that the lattice conductivity will fall while the electronic 
conductivity of the semiconductor may rise. But by how much? 
What does present theory say about this? 
And from an entirely different branch of SCience, how (for Ge) 
does £ vary, how does n vary, and how does ~ change over this 
temperature range? And what are the properties of surface waves, 
and how do they change as the temperature of the solid interface 
changes? What theoretical framework exists? What does it have 
to say about these matters? 
Why concern ourselves too much with the theoretical framework? 
By definition there can be nothing new to find there. It is all 
well established. Why not look up the required data for germanium, 
plug it into the appropriate formula to see what the answer is? 
6.3 
There are a number of objections to this superficial approach. 
An ever present pitfall is the danger of using an expression 
outside its range of applicability, because the constraints, 
appro~imations, etc., associated with its derivation are not 
being observed and respected. Its simply not possible to avoid 
this pitfall totally by tracing everything one does back to source, 
thereby becoming properly aware of limitations operating on each 
situation. But anything which maximises oneis defense against 
• slipping into this abuse must be desirable. Therefore in Chapters 
6 and 7, close attention is given to systematically putting 
together the required theory, built from first principles 
whereever possible. Critical appraisal is made to clarify meaning 
and significance whereever it is needed. 
Completion of this exercise, the construction of a sound framework, 
will enable the use of the material to be very flexible. Not only 
will the potential of dealing with a ':Iide range of circumstances 
involving laser interaction with Ge be realised, but with modest 
adaptation the behaviour of other materia]~might also be encompas-
sed. 
The other matter for comment was the construction of a numerical 
data base for Ge. It is anticipated that information on sO_Il!.B:n] 
prop.erties are required over such_ a temperature range that the 
required data is not likely to be available in its entirety. 
Therefore the approach to be adopted is to use the theoretical 
framework which will be established to extrapolate from known 
experimental values (taken from the literature) into the unknown 
regions where data is not to the hand of the author. 
6.4 
The purpose of this procedure is to enable quantitative ~odelling 
to be done even where parameter values are unavailable - that is 
to extend the range of the behaviour model. Clearly this ~rocess 
cannot be taken too far without reference to some experimental 
data for validation. 
Validation will be performed where available experimental data 
overlaps the model range. But the present purpose will be 
considerably furthered if trends and general patterns of behaviour 
can be simulated. And as fUrther data \'Ii thin range becomes 
available, the model may be updated and adapted to take account 
of it. The precision of predictions based on the model may 
therefore be continually refined. 
The main framework of the approach will be to deal with the more 
straightforward, and less sensitive parameters such as f' c, k 
(thermal conductivity) first. To obtain the optical properties, 
the experimental values of d.c. electrical conductivity ~ 
(available throughout the temperature range, and into the liquid 
phase), and the quantities l' 'L ,m·, ni will be established. 
The optical properties are only of interest for the moment at 
the CO2 laser frequency of 28.3 THz. Therefore the high 
frequency conductivity 0" - j 0' " at this frequency will be 
. 
calculated, leading to values for e' - j ~ " and nand k over 
the full temperature range. From these the coefficient of 
absorption oC , and the internal heat source qv follow. These 
complete the required numerical model for Ge. 
6.5 
With regard to the operating conditions of the laser, the peak 
electric field strengths are computed, based on a ?eak power 
measurement. The laser cavity (and etalon) supports standing 
waves, which are taken into account. The heating Dt any 
location may be evaluated. 
To summarise, the basic direction of investigation is to set up 
a fully numerical model of Ge over the tem?erature range 300K-1200K. 
This will be derived from a judicious amalgamation of experimental 
data and extrapolation based on a theoretical framework. The 
approach allows continuous amendment as more experimental data 
comes to hand. 
The model is intended for use in simulating conditions of 
interaction between a laser beam and materials such as Ge. The 
laser beam may be C.W., or pulsed. A numerical solution of 
material temperature as a function of position and time 
T = T(x,t) should be available given a definition of beam 
intensity I = I(x,t) and a boundary condition describing the 
cooling arrangements. 
Some insights into the nature of the formation of the surface 
patterns observed on Ge etalons and on thin films of Ge mounted 
on a glass substrate are to be looked for. 
It should be realised that the scope of the projected work 
outlined above exceeds the capacity of this present project 
alone. Whilst the overall objectives have been defined, some 
realistic estimate must be made of the likely progress towards 
6.6 
these. 
It is thought that the theoretical framework will be laid down. 
That numerical values will be assigned to the Ge material 
parameters over the full temperature range. That a modest level 
of validation will be carried out, and some small scale trial 
runs of sections of the model executed • 
• 
Any research investigation is open ended •••••• potentially 
infinite. A project such as this must be finite, must terminate. 
This study will provide all the necessary data with which 
simulations of laser interactions with Ge may be carried out 
using numerical analysis. 
Someone once said, "when a problem has been defined, it is 
practically solved." The next three chapters 6,7 and 8 set out 
to define the problem in detail. 
6.7 
Sect"ion 6.2 Introduction. 
In this section, the thermal aspects of the problem are the 
"subject of consideration. The detailed mechanisms involving 
coupling of energy from the laser beam into the germanium 
etalon are, for the moment, circumnavigated. These aspects 
are taken up again in section 7. Discussion commences with 
a quantity of energy Q deposited as a "thin disk" within the 
material at a specified time t. The time interval of interest 
contains the whole laser pulse, and extends just beyond its' 
termination. 
An aspect of major interest is the phenomenon of thermal 
runaway in germanium. When the heat deposition in an 
elementary volume exceeds the rate of heat "diffusion from 
that volume, it leads to a local temperature rise. As the 
temperature of the volume element increases, the rate of loss 
of heat increases leading usually to the establishment of an " 
equilibrium at some temperature Teq. 
However, in the case of semiconductors; the rate of heat 
take up from the laser beam increases with material temperature. 
This leads to thermal instability when the rate of increase 
oJ:' o..h£orpt...cn ~It., telt'lpar(l.t",re. e.x.c.eedos f:J,e rcd:e oJ! IftCl""Qa..se 
of heat loss with temperature. If, for an elementary volume 
dV, the heat deposited per unit time per unit volume is qv 
and the heat lost per unit area per unit time is q , then 
s 
eqtlrribrium is established at Teq when 
., - - - .1,.2-1 
6.8 
For most. materials 
o 1T[ ff! 't~clV} ~ 
- - --
('·2 -2. 
if the heat source qv is due to the 
absorption of electromagnetic radiation. Thus for a given 
laser beam intensity, The R.R.5. can always find a temperature 
Teq for which' it is equal to the L.H5.; since 
~ 
where n is the normal to the 
surface 5 
- _ ('.2-3. 
which is usually an increasing function of the temperature 
of the volume element, given that the element is situated 
in a finite specimen having a more or less stable heat sink 
temperature (e •. g. ambient temperature at the specimen surface). 
For Ge, the absorption coefficient is a strongly increasing' 
function of temperature, so that it becomes possible to find 
circumstances for which 
> {fh,dt] 
-- - - - ~.2- 4 
so that thermal 
runaway occurs. An equality in expression 4 represents an 
unstable e'l-uilibr"""," which the temperature might assume any 
value (within the range for which the equality holds) under 
a stable set of external conditions. 
The phenomenon of thermal runaway is clearly involved in 
the etalon surface pattern formation, enabling the material 
temperature to be raised to melting point (at least) at well 
6.9 
defined localities. The likeli'hood is that the material 
adjacent to the pattern marks (undamaged on the photograph) 
remains more or less at ambient temperature. The temperature 
,rise if the pulse energy (4J) were completely absorbed uniformly 
over the beam cross section throughout the etalon depth would 
only be 
f Ad' x c x e = E l' 
where f is density,A isbeam X-sectional area, d is the etalon 
depth, c is the specific heat of the etalon material, e is the 
temperature rise and E is the laser pulse energy. p 
5323 x 4 x 10-4 x 6 x 10-3 x 310 x e = 4 
9 = 
As a temperature rise of lCo is a gross overestimate, since 
most of the pUlse energy is transmitted to rather than at';sorbed; 
there has to be a very strong positive feedback process to 
achieve localised temperature rises of over 900 CO within 
a (seemingly) homogenous, crystalline material of remarkable 
chemical purity. 
The L.H.S of, expression 4 
d~ f JfItt~ dV 1 
is a function of material 
temperature alone (for given laser beam parameters). 
The R~H.S. of 4 
isa function of temperature 
gradient at the point of consideration, which in turn is a 
L 
6.10 
fUnction of "the temporal and spacial characteristics of the 
laser beam, and the thermal conductivity K(T) of the material. 
Note that thermal diffusion"Will take place both by lattice 
phonon diffusion, and by charge carrier diffusion. 
An attempt is made in the folloWing section to examine some 
of the factors contributing to qv(T), and qs(T). 
The aim is to estimate some of the values in expression 4 " 
for germanium to obtain some insight into beam intensities 
which could be expected to produce thermal runaway. 
The internal heat source q is governed by the local 
v 
electromagnetic intensity, and the local carrier"density. 
These two quantities are strongly interdependent in a 
semiconductor like germanium. The carrier density contributes 
to the optical properties of the material - reflectivity, 
absorptivity. These in turn determine the radiation intensity 
reaching any locality in the beam path by affecting how much 
energy has been reflected and/or absorbed from the beam prior 
to its encountering the locality in question. 
To set up a model for thermal runaway will therefore require 
a detailed knowledge of the dependence of qv on carrier 
density, and a"relation expressing beam intensity as a 
function of beam penetration into the germanium. 
To obtain the latter, the temperature profile of the beam 
path through the germanium will have to be obtained, since 
carrier density is a function of material temperature. This 
will require a solution of the heat diffusion equation; 
the appropriate equation will be discussed" in Section 6.3. 
6.11 
There seem to be two essentially seperable steps in setting 
up a model for the interaction of an intense electromagnetic 
,beam with the semiconductor'; 
(a) examine the detailed functional relationships 
involving qv and the material parameters; 
also will be required the detailed functional 
relationships between the material parameters 
and thermal conductivity, specific heat, and, 
density. The behaviour of all these 
relationships as a function of material 
temperature will be a requirement for progress 
with a model for thermal runaway. 
(b) feed the detailed data into a suitable partial 
differential equation, and seek solutions. 
The desired solutions are visualised as a 
sequence of temperature profiles through the 
material at convenient time intervals (say IOns) 
which correspond to a specified incident beam 
intensity. Initially the incident beam would 
have to be idealised to a rectangular pulse 
time profile; if feasible, it might be later 
substituted by a triangular idealisation, or 
an even closer representation might be 
obtained using a look up table' prepared 
from an oscilloscope record. An assessment of ' 
the "investment" of extra complexity will have 
to be weighed againstpot~ntial return of more 
precise data; a decision as to worth· of the 
extra stages will be made later. 
6.12 
The following sections will· discuss the partial differential 
equation describing the heating (temperature profile) of the 
material by the radiation; the terms and relationships needed 
to set up the equation for solution will theJ be discussed 
item by item - e.g. the behaviour ofoG, the absorption 
coefficient as a function of carrier density as a function 
of temperature, thenoe ultimately of position in the beam 
path. 
6.13 
Section 6.3 The differential eauation. 
This section seeks a de~cription of ~he heating of the 
germanium in the beam path as a function of time. For the 
!nOlnent, a m~croscopic view is adopt~d, using loaterial 
parameters 
k 
density 
specific thermal capacity 
thermal conductivity 
First the standard heat conduction equation will be derived 
based on Fouriers' heat conduction law 
",'Ihere 
dQ 
dt 
= _ k A dT 
dx 
is a quantity of heat 
is time 
is area normal to heat flow 
is temperature 
Q 
t 
A 
T 
x is the coordinate o~ direction of 
heat flow. 
The condition for conservation of thermal energy in an 
elementary volume A&x may be expressed as net h~at conducted 
in + heat source output= increase of internal energy. 
This is illustrated in Fig.6.3(0 
Considering the heat flow to be in the x-direction for the 
moment, 
+-
where q is the rate of production of heat within the volume 
v 
element Ab x. 
, 9.v 
A 
re . .loving A ~ x 
~ f k et-I} 
olx. 01. X t- ~ I' = j'J c. cl, ( of. i:=" 
C1early,if k is a constant, the first term may be written 
k d2 T, but in germanium, this is not an obvious step. 
dx~ 
The thermal.conductivity k depends on phonon transport and 
6.11, 
transport by electrons and holes. Since the carrier density 
is a strong function of T, it follows that k = k(~), and the 
form of equation 6.3(2) stands. If k turns out to be a 
slow function of T, then it ma, be possible over adjacent 
steps of a numerical analysis evaluation to take the siinpler 
form. We shall return to consider the behaviour of k = kIT) • 
for germanium in section 6.6. 
Meanwhile we note that in 3 dimensions, and using partial 
derivatives:-
For the initial simplification of the ger~anium etalon case, 
we choose to consider that a very thin disk of ~ate~ial 
( - ~m in depth and 1 cm radius) is raised in te~perature 
to melting. Thus the etalon, of thickness 6mm, may be 
considered as infinite in extent, and filling the half-
6.15 
space x>O. It is a reasonable assumption that heat will only 
conduct in the positive x-direction; the loss of heat by any 
mechanism across the gas solid interface will be considered 
negligibly small. The simplified problem is shown in Fig. 6.3(2) 
The appropriate equation is therefore the one-dimensional 
fCl'm equation 6.3(2) It is re-written below with the temperature 
dependence of k and qv emphasised:-
he,,\:: 
----.. --~ 
-r CdT de 
___ . -b:~(4-) 
t tt:t 10 n 
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Incidently, let us establish the upper limit of di&~ thickne2s 
Suppose all of the pulse energy just raises the disk uniformly 
-t..J , 
Then 
Q = d' x C x (936 - 20) 
. , Q • 
K (0.01)2 x 
xI 
2 
x 5.3 x 103x 310 x 916 t~ T k1 Q = it' (0.01) x d' \1\~ "'a \<.. 
105 x 4J = 4.73 x d' J/m 
d' = 8.~m 
Under these asumptions the melt cannot exceed ~m in depth. 
The observations indicate a depth -lym implying an interception 
of - 10% of the pulse energy for melting, the majorti ty being 
transmitted before the runaway renders the germanium opaque. 
The criterion by which the specimen may be regarded as infinite 
in extent is whether or not heat is able to diffuse from the 
hot spot to the boundary in the time available. Tuck (ref.4) 
expresses this in the form 4-3 ,.jTDt) is the minimum 
thickness of a semi-infinite specimen, where D is the 
coefficient of diffusion. In this problem, the diffusivity oL 
is the appropriate quantity. Putting in numerical values (and 
using room temperature values), the minimum specimen depth 
d min is, if the event time is lys 
d = 4.3'/""- t min I 
= 2103 ft. 5 x 10-5 x 10-6[;2 $7 
= 25.r 
At 25fm (using the low value of",), the temperature rise is 
1% of that at the incident surface after "Ifs (Tuck's criterion) 
Clearly the etalon at 6mm thickness may be regarded as semi-
infini te here. 
6.17 
The heat diffusion length is minute. Certainly regarding the 
etalon as a semi - infinite half space is acceptable. The 
temptation might be to ignore thermal conductivity in the model. 
But there are two points to note; 
a) the diffusion length quoted is apposite the 
solution of the equation form in which k is 
treated as constant. 
b) the thermal diffusivity x value at 200 C 
was used. As the material T rises, the diffusion 
length will certainly increase as k increases 
due to increasing carrier concentration. The 
behaviour of k(T) is discussed in section 6.6. 
But the assessment of the possibility of 
regarding the etalon as a semi-infinite 
half space is considered adequate as it stands. 
The conclusions drawn here then are 
(1) the thin melt disk in a semi-infini'te slab 
of germanium is a satisfactory initial model 
with which to make progress in understanding 
thermal runaway. It reduces the problem to 
one spatial dimension, x. 
(11) the appropriate equation is 
6.13 
Because of the dependence of k(T) and qv(T) on temperature, 
an analytic solution valid over the full temperature range of 
interest is not thought possible. Hence the potential of numerical 
techniques will be examined. It may, be possible to solve the 
problem in temperature bands, over which k and qv are regarded 
as constant; they would then be updated for the next solution 
segment. The following sections are devoted to evaluating the 
~ehaviour of k(T), and of qv(T) over the temperature range of 
interest •. 
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Section 6.3.1 "Second sound" 
The heat conduction equation based on the Fourier conduction 
relationship and established as useful to this problem was 
quoted in the previous section. For the purpose of discussing 
"second sound" and its possible relevance here, the more 
co~pact form made possible by constant material parameters 
will be used in this section. This should not predjudice the 
considerations. Should it be judged necessary to take account 
of "second sound" in the laser germanium interaction model, 
variable material parameters will be re-introduced. We start 
then with 
= 
dT 
dt ---6.3.1. (1) 
Many observers (ref.l) have pOinted out that this parabolic 
,,--¥ 2". 
equation implies an infinite velocity of propagatIon of 
effect - i.e. that a portion of the solution extends to 
infinity. That the effect at a large distance is very small 
(negligible) does not negate the philosophical objection 
that thermal effects are experienced at great distance from 
the causal disturbance instantaneously. To take account of 
this, it has been proposed that the damped wave equation (the 
telegraph equation) is a better description, particularly 
when dealing with transient phenomena. 
-' 0.'-
::t -' a<: = 
-.::::)'2. T 
where ~ is the velocity of propagation of the thermal 
disturbance - often referred to as 'second sound' by virtue 
of the fact that it is an (ordered) phonon propagation 
effect. 
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A relaxation time may be defined by 
---6. 3.1( 3) 
which characterises the decay time of the damped thermal 
disturbance. 
For most practical problems, the effect of the first term 
(containing \)"2) is negligible. Usually.( (the thermal 
2. 
diffusivity) is 10 orders of magnitude smaller than ~£, the 
square of 'the velocity of propagation of second sound. Put 
another way, if the equation is re-written 
"" 
---6.3.1(4) 
;r'- , , 10 it can be seen that ~~needs to be ~10 times the value of 
oT 
__ for the first term to cont~ibute effectively. 
"l11: 10'-T 
The "temperature acceleration" ~~ has to be very large 
compared to the rate of change 'of temperature ~ 
(It' • The only 
circumstance for this to occur ,is during a very short time 
duration transient. The laser produced melt in the germanium 
surface is a clear candidate. 
For the sake of completeness, the value of 10-10 (relevant at 
oC 
room temp.) for 0; may be reduced if ..L becomes larger. The 
thermal conductivity k for a very pure crystal at low 
temperature (0 -!,.Ok) may be Uf to 100 times the value at 
room temperature. For these conditions the first term of 
equation 6.3.1(2) may well become significant. Experimental 
work has been done in this regime (ref.2 and ref.3). These 
regimes are only of interest in the circumstances of the 
laser-germanium interaction in so far as 'they are able to 
suggest a suitable value of ~z '" for usetassessing the 
£.21 
significance of the first term (equation 6.3.1(2)) magnitude. 
Some broad estimates may be made to establish whether the 
"second sound" term is significant in the construction of a 
model for thermal runaway during a laser pulse. To do this, 
assume that the surface temperature of the germanium rises 
mainly during the peak laser power. This is of duration ..... lOOns. 
Assume that the "take off" and "levelling out" time occupy the 
remainder ·of the laser pulse. At threshold laser intensity, the 
surface just melts. This data is put into Fig. 6.3.1(1). 
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Fig 6.3.1(1) 
It is emphsised that the data in the figure are "guestimates" -
but probably not out by as much as a factor of 2; hopefully not 
out by an order of magnitude. 
The maximum rate of temperature rise:-
dT 
dt 
900-100 
lOOns 
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A possible evaluation of the second differential coefficient:-
For the se.cond sound term to be significant:-
-' 
" .. .' -' ''''0 ---6.3.1(5) 
To make progress requires a value of Or2 • Peshkov (ref.5) says 
that ~~for Helium Il is an order of magnitude less than first 
sound velocity s(s = 250m/s; cr2 ~ 20m/s). 
Chester (ref.3) states the relationship 
S 
"'.. -= .(3' 
for any dielectric material. That does not seem to agree with 
Peshkov, but for the purpose of this estimate, let's take Jr2 
to be less than s,-the worst case say silO. 
For ger,nanium s = 
and 
-L 
loo 
1Y2 = 
";)1.1 
.::;;- dcl. 
I 
, s _s·~-r 
... "0 -et ....... 
5 x 103m/s 
500 m/s 
10'7 
So 01. 
11 4-"'0 
" 2~ x '0 
(say) 
[ ~] 
These values are close. An arbitrary factor of 100 has already 
been allowed, and still the L.H.S term of 6.3.1(5) is less 
than R.H.S. The L.H.S. needs to be larger if second sound 
, 
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pJ.ays a significant part in the phenomenon. So on the face of 
it, we may rule out second sound. 
Analysis will be continued on this supposition. The pressure 
to exclude second sound effects arises from the need to keep 
the complexity of the model equation down - to keep the prospect 
of a solution in sight. We already know that k(T) and qv(T) 
a.re complicated variables. In all likelihood, this fact will 
require the use of numerical methods. In that case it .may 
l.~-r 
turn out that to include the term v~. ';:It'" Will not worsen 
the magnitude of the difficulties. 
The case for keeping second sound under review is that the 
above criterion turned out to be very nearly met. The uncertainty 
in what value should be used for V2 , together with a much 
larger uncertainty in the appropriate value of ~~leaves a 
strong element of doubt about the validity of rejecting 
second sound. Remember also that second sound effects are more 
likely to be present in very pure crystalline dielectrics. 
Semiconductor crystals like germanium (at least at temperatures 
around room temperature) should meet this requirement. 
The effect of the second sound term in equation 6.3.1(2) is 
to prescribe an upper limit to the heat flux which it is 
possible for the crystal to transmit. This value would be 
obtainec. if a temperature step function were "clamped" on to 
the crystal (ref.l, p 25). Where a rapid change of temperature 
gradient occurs, the heat fl·ux q is less than would normally 
be expected. Usually 
k'V T ---6.3.1(6) 
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but including second sound effects, the heat flux is diminished 
+1-
---6.3.1(7 ) 
The importance of equation 6.3.1(7) to the problem of a 
melting surfa~e would be that the rate of loss of energy to the 
body of the crystal would be reduced, allowing the surface 
temperatur.e rise to be more rapid than otherwise expected. 
It is just possible to envisage that at the onset of runaway, 
~. the rates. of change of T, ~ and ~ could be so large that et:-
~ 
the actual flux ~ into the crystal body would be quite small. 
There might occur a very temporary thermal isolation of the 
surface allowing a melt, and even evaporation of the surface 
layers. 
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time behaviour of a surface irradiated by a strong laser pulse. 
I 
1 
1 
I 
I 
I 
, 
b.25 
The salient features where second sound is most likely to be 
significant are indicated. Another approach to estimate the 
significance of second sound to this problem is to use Chesters' 
equation 11(ref.3) expressing a minimum frequency .f~ of t..Mpe;ub.,rc. 
flZ.""c.'=:.<,Ja. l:; 10.' 6«.10....,) ...0>'-' ic.h 
temperature waves cannot propagate through a material:-
.s~ 
-f~ f.:,~ i~ k ---6.3.1(8) 
Inserting values for germaniUm (k 'f' and C at rOOm temperature 
for the moment) 
L. -= (5.4- ",o'1)" i r~ 
";e 3·5 ~ 10'S S1 
4-./r '><. 10 ,Q I·h ; 
Which corresponds to a temperature rise time -11 
- 10 s. 
Although the temperature "runs away" over a fraction of 
time, the intense part of which lasts _10-7 s, it would 
~~J 
the pulse 
seem 
unlikely at this stage that the rapid heating would occur in 
times as short as 10-11s. 
The situation with pico·second pulse lasers would appear quite 
different. The appraisal of second sound above would indicate 
that potentially observable effects might occur. Combining 
this approach with low temperature might bring second sound 
effects in germanium into an observable regime. Very fast 
temperature detectors such as pyroelectric radiation devices 
mi/lht ·offer means of detecting and measuring effects. 
But in conslusion, in this section the role of second sound 
in the present problem has been estimated. The necision at this 
stage is that it is not significant, and wfll therefore be 
(.26 
droDDed from the analzsis. Because the evaluation has been 
carried out with ~om temperature parameters (e.g. k for 
germanium), as opposed to those at the high temperatures in 
the problem, it would be gise to hold this decision under 
review. In dielectrics, low temperatures are more favourable 
to second sound effects, because k increases. For a 
semiconductor, k increases with temperature - but this is 
not due to phonon effects. Therefore any apparent increase 
in the possibility of second sound effects due to higher 
values of.k must be treated with caution. 
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Section 6.4- General discussion of Temperature dependence. 
The thermal conductivity (k) and the heat source (qV> appear 
in the differential equation which describes the energy transport 
in a material. In most practical situations, these parameters 
may be considered as constant. In the case of a semiconductor, 
they are functions of the temperature (T). This fact greatly 
complicates the search for a solution of the differential 
equation, and may rule out the possibility of an analytical 
solution. It certainly means that a "standard case" solution 
is not available. Numerical methods provide the most likely 
route to solution. 
The main factor influencing the temperature dependence of k 
and qv is the rapid increase of carriers with temperature in 
semiconducting materials. 
The thermal conductivity has a lattice contribution and a 
carrier contribution. Both vary with T, but the carrier --
contribution is likely to be very significant at temperatures 
approaching melting pOint. 
The heat source q represents the thermal energy per unit v , 
volume "originating" within the material. In the case of 
germanium "conducting" a beam of infra-red light, qv represents 
the electromagnetic radiation energy intercepted by the material, 
the absorption. Once again there is a lattice contribution and 
a carrier contribution. For radiation of free space wavelength 
lO.6fm and germanium, the lattice contribution is negligible 
for temperatures much above room temperature. The carrier 
contribution is dominant, and proportional to carrier density. 
The hole contribution is markedly larger than that of the 
electronic con tri bu ti!on. 
:' 
I 
I 
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For both the parameters above, the carrier density plays a major 
role in the temperature dependence. InCidentally the beam intensity 
at any point in the beam path depends on the reflection and the 
absorption that has occurred "upstream" of the point. Thus the 
intensity reaching such a point is too a strong function of 
temperature; the absorption varies with temperature; the reflection 
may also be expected to vary with temperature since it is 
influenced by the carrier density. 
The preceeding general discussion serves to underline the need 
to establish the way in which the carrier density varies with 
temperature. Upon this behaviour depends the behaviour of k 
and qv (through both the local beam intensity T, and the 
coefficient of absorption .c). The next section sets out to 
establish the behaviour of carrier density with temperature, 
, 
and succeeding sections examine k = k(T) and cC. = <::J:. (T). 
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Section 6.5 Intrinsic carrier concentration; n i = ni (T). 
6.5.1 Introduction. 
The carrier concentration of intrinsic germanium as a function 
of temperature is the king-pin of the phenomena of interest 
here. It dominates the changes in absorption (of radiation) 
behaviour of germanium over the temperature range 300-1200K. 
It also enters into the behaviour of the thermal conductivity. 
and the dielectric constant (hence reflection/transmission 
ratio at the etalon boundaries). Consequently. this section 
sets out to determine ni = ni (T) as exactly as possible 
from the available evidence. Theoretical expressions and 
empirical results are compared and compounded to arrive at an 
expression which may be used to evaluate ni at any temperature 
within the range of interest. An expression (as opposed to a 
"look up" table) was considered the more desireable for use in 
a computer model if a satisfactory one could be devised. 
Following the framework set out by Morin and Maita (ref.18). 
and using some more recent numerical data, an expression 
representing ni = ni(T) is determined. 
6.5.2 The theoretical expression. 
The theoretical expression is (ref.18.24.25); 
ni :; 4-.Q.'2 .... 10
5 CnnM;r r~"T 3,z ~p (- fo/QkT )" 6.5.2-1. 
where ni (cm-3 ) is the intrinsic carrier concentration (electrons 
or holes) 
m is the density of 
n 
states effective electron mass 
m hole p 
m electron rest mass 0 
T is the absolute tempe"rature. 
t. g is the intrinsic ionization energy. 
:"k is Boltzmann's constant. 
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The expresaion is shown plotted for a number of semiconductors 
in Fig.6.5.2 - 1 (ref.25). 
Of particular interest in this 
problem are the values of ni 
as the melting p;int (121CK) 
is approached. At these 
temperaturesni has values 
which are optically 
significant, and are in the 
region of the required 
density to bring the plasma 
frequency into co-incidence 
with the laser frequency. It 
is therefore desireable to 
estimate ni as closely as 
possible at the higher 
temperatures. 
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Fig. 6. 5. 2-1 The temperature dependence of 
intrinsic carrier concentration, nit in Gc, Si 
and GaAs. The temperature dependence of E •• ' 
is also taken into account (after Sze. [8]). 
The expression above (6.5.2 - 1) has limitations in this range. 
In particular the intrinsic ionization energy f3 reduces with 
temperature, and is further reduced by the electrostatic 
interaction of charge carriers as their density increases. 
This'represents a substantial under-estimate of ni at 1200K 
by expression 6.5.2 - I, unless these factors are taken into 
account. 
As an illustration of the caution required when consulting 
texts (even standard texts) for numerical data(as opposed 
to theoretical framework), Smith's (ref.24) plot of ni is 
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presented as Fig.6.5.2 - 2. Comparing the two' authors, the value 
of ni at 1000K is in good agreement at -2 x 1018cm-3, but at 300K 
there is an order of magnitude difference ( 2xlO12 
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Further, Smith states that the factor T3/2 does not cause 
significant divergence from a straight line of the Log ni - liT 
plot. Looking at his plot, one would be convinced. For interest 
the equation 6.5.2 - 1 has been evaluated, using parameter 
values' cited by Smith, both with and without the T3/2 term 
active. The values in Table 6.5.2 - 1. 
They are superimposed on Smith's plot in Fig.6.5.2 - 3. 
Although it is broadly true that T3/2 is of small significance 
compared to exp( - t gt.1 ikT) 
., , there is again an order of magnitude 
difference in the data at one end of the temperature range as 
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Fig. 6.5.2 - 3 
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+ Column 2 of table 6.5.2 - 1 
Table 6.5.2 - 1 
T W n· -3 Cm ~ K l "0. 
300 2-2- 13 4-Z 
400 '6'1+ )4- )-0 
500 ~-, IS" 1·2 
(,00 3-~ ,10 2.~ 
10-0 1·2 17- b·5 
~av 20·9 l't 1·3 
'300 "0 )1- 2·2 
, 000 J. I IQ 3·4 
Equation 6.5.2 - 1 evaluated. 
1 is with T:Y, included 
2 is with Th set constant at 104 
-3 
C.f1l. 
\3 
15 
15 
," 
J~ 
I~ 
11-
11 
Other valu.es.·as in Smith;E =0.665;mass· term 
. =1/3.·- g 
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compared to the other. Normally this would be of little 
consequence, but because of the significance of the plasma 
frequency resonance - and its sensitivity ,to ni' it is 
desireable to obtain as close an estimate for ni as possible. 
In subsequent sec,tion, some published empirical values are 
examined. 
Section 6.5.3 Variation of fa... 
The intrinsic ionization energy (j is a function both of 
temperature, and of electrostatic interaction of carriers. 
6.5.3 - 1. 
The variation with temperature has been measured by 
G.G.Macfarlane (ref.26), and is expressed graphically in 
Fig.6.5.3 - I, after ref.24. 
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Macfarlane et al., Ioc. elL) 
Fig. 6.5.3 - 1. 
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Although the data is for a temperature range adjacent to that 
of interest here, the value of t, may be taken to be 
represented by an extrapolation of Fig.6.5.3 - 1, and expressed. 
~ = 0.782 - 3.9 x 10-4T electron volts 6.5.3 - 2 
As the carrier density becomes significant with rising temperature, 
the value of 1; will be reduced by electrostatic interaction. 
An expression has been proposed by Rering and is referred to 
in ref.18. The increment ~ ~ expressed as an function of the 
concentration ni is:-
b. ~= -4.61 x 10-10(ni)tT-YZ. 6.5.3 - 3 
Using approximate values of ni taken from section 6.5.2, this 
expression is tabulated and plotted below to establish the 
relative magnitude of the correction:-
Table 6.5.3 - 1. Fig.6.5.3 - 2. 
3 
L\~ T(K) A tS4- (eV) 300 -1.3 -4 
500 -1.8 -3 2 
6c/e.v) 700 -6.0 -3 900 -1.2 -2 
~100 
-1.9 -2 i 
corre.c.t,on 
It will be seen that the electrostatic~is small at ~ 1100K 
compared to the lattice temperature correction ( O.02eV; 
0.43eV), about 1:20. Combining the two corrections, ~ may 
be expressed:-
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"fA· 4 ~ = 0.782 - 3.9 x 10- T - 4.61 x 6.5.3 - 4. 
This expression will be used in equation 6.5.2 - 1 to estimate 
ni at elevated temperatures. 
section 6.5.4 Empirical n. (T). 
1: 
Morin and Maita (ref.18) have used measured conductivity 
parameters up to 500K to deduce ni(250K - 500K). Extrapolating 
these behaviours up to lOOOK, and allowing for calculated 
effects at high temperature (such as electrostatic reduction 
of t" an estimate of ni(500K - 1000K) was made. The conductivity 
(500K - 10OOK) could then be computed, and compared with 
experimental values. The agreement was good. Therefore, their 
function ni = ni(T) may be used with some measure of confidence. 
The data is presented graphically in Fig.6.5.4 - 1. 
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Fig.6.5.4 - 1. 
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The section ni(250K - 500K) may be expressed as an empirical 
relation (adapted form of ref.18 equn (12»:-
16 3/2 0.785 
ni = 1.76 x 10 T exp ( 2kT ) 6.5.4 - 1. 
For higher temperatures, ~ may be modified according to 
equation 6.5.3 - 4. Note that the multiplying constant is 
8 15 1'l" .. tp 3/4 significantly higher than the theoretical 4. 2 x 10 ( "'~) 
This compensates for the rather high value of 11 at 0.785eV, 
which is close to Macfarlane's value at absolute zero (0.782eV). 
It will be shown later that the theoretical constant may be 
retained if all factors so far mentioned are taken into account. 
Section 6.5.5 A satisfactory expression synthesised. 
By combining all the factors so far discussed, the author has 
assembled an expression which reproduces Morin and Maita's 
empirical ni(T) very closely. The density of states effective 
mass term was used as an adjustable parameter. The two relevant 
equations are repeated below:-
ni = 4.82 x 10
15 (1)~~t ~~ T~1Xp(_ 'Fa /21<T) 6.5.2 - 1. 
tj= 0.782 - 3.9 x 10-4 T - 4.61 x 10-10(ni)t T-t 6.5.3 - 4. 
Morin and Maita took ~n = mp = 0.6 (1954). 
Present published data (ref.19) quotes mn = 0.35; mp = 0.56 
The table 6.5.5 - 1 below summarises these values, and the 
3/4 value of the term (m
n 
mp/m02) 
:-
Table 6 5 5 - 1 . • 
m (mnmp/mo m n p 
0.6 0.6 0.465 
0.35 0.56 0.295 
2 
Used as an adjustable parameter. 
(0.53) (0.53) 0.387 
)3/4. 
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If the two equations quoted are used to compute ni' and the 
value ni(3OOK) = 2.5 x 1013cm-3 is taken as well established, 
then the effective mass term needs to have the value 0.387. 
As will be seen from the table, this is intermediate between 
previously used values. As an aside, it suggests (if it is 
taken mn = mp) mn = mp = 0.53. This step is proposed as a 
matter of convenience rather than as a statement about the 
physics of semiconductors. It does produce a striking 
correspondence with the empirically derived data. The equations 
above are tabulated in Table 6.5.5 - 2 beside Morin and 
Maita's empirical results to enable easy comparison. 
Table 6.5.5 - 2 
T (K) ~(ev) ni (cm-3 ) 
273 0.675 5.0 12 
290 0.669 1.4 13 
300 0.665 2.56 13 
400 0.625 1.7 15 
500 0.584 2.4 16 
600 0.542 1.5 17 
700 0.498 5.6 17 
• 800 0.452 1.6 18 
900 0.406 3.7 18 
1000 0.357 7.4 18 
noo 0.308 1.3 19 
1200 0.258 2.2 19 
For the purposes of this analysis, 
Fig.6.5.5 - 1. 
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the synthesis of the 
theoretical and empirical is considered to have produced 
expressions which generate ni = ni(T) for the range 300K - l200K 
with reasonable confidence. 
Section 6.6 Thermal Conductivity k - k(T). 
6.6.1 Introduction 
The purpose of this section is to establish the nature of 
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k = k (T) for germanium. The theoretical framework is discussed, 
and some experime~tal values are extracted from the ~iterature. 
Followin~ tl:e discussion, an assessment is made of the options 
available for inserting the data into the equation describil:g 
the heating process during laser irradiation (equation 6.3(4». 
The macroscopic view of thermal conductivity is embodied in the 
definition based on the Fourier heat conduction law 
k = in [ 'vi ] equn 6.6 - I % mk 
which sa~s that k is the amount of heat conducted per unit time 
per unit area per unit negative temperature gradient. Values 
range from 12200 VI/mK for copper at 20. '3 K to 0.1 W/mK for 
liquid carbon dioxide 
at 273 K. Values for 
gases are in general 
an order of magnitude 
lower again (ref. I p.3l-
32). A table of values 
of k for selected 
materials appears 
belo~ to establish 
typical magnitudes. 
Table"~ Thermal conductivities of 
selected materials at 273 K 
Malerial W/mK 
Metallic solids: 
Silver (purest) 418 
Copper (pure) 387 
Aluminum (pure) 203 
Zinc (pure) 112.7 
Iron (pure) 73 
Tin (pure) 66 
Lead (pure) 34.7 
Nonmetallic solids: 
Periclase, MgO 41.6 
Quartz (parallel to axis) 
·19.1 
Corundum, AltO, 10.4 
Marble 2.78 
Ice, H 2O 2.22 
Qua.rtz (fused) 1.91 
Pyrex glass 1.05 
Liquids: 
Mercury 8.21 
Water 5.54 
Sulfur dioxide, SO. 2.12 
Methyl chloride, CH,CI I. 79 
Carbon dioxide, CO. 0.105 
Frean, CCItF t 0.0728 
Gases: 
Hydrogen 0.175 
Helium 0.141 
Air 0.0243 
Pentane 0.0128 
Chloroform 0.0066 
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The~rmal conductivity of a material depends upon its 
physical character at an atomic level. It represents the 
attempt of the elementary particles to regain thermal 
equilibrium from disturbed condition. Energy transport mechanisms 
are called into ~lay. The value of thermal conductivity is an 
expression of the efficiency of energy exchange processes between 
the fundamental particles constituting the material. 
The lattice contributes to k; in electrical conductors the 
charge carriers contribute to k. Electrical conductivity and 
thermal conductivity (due to carriers) are related, and described 
by the Wiedemann - Franz law. For dielectrics the lattice component 
is dominant; for conductors the carrier component is dominant; 
and for semiconductors there is an intermediate situation, 
moving toward carrier dominance at elevated temperatures when 
the charge carrier density is at its highest. 
The effectiveness of the lattice in transporting heat energy 
is largely determined by its crystalline perfection. Thus 
chemical purity is very important. Chemical purity in this 
context embraces isotopic purity. 
6.6.2 Thermal transport by the lattice. 
Energy is carried through the lattice structure by elastic 
vibrations. These may be described in terms of the superposition 
of wave trains transporting energy quanta (phonons). Thermal 
resistance (R = Ilk) is provided by scattering mechanisms 
within the lattice which tend to randomise the direction of 
travel of the energy quanta. Less scattering means less 
resistance, higher conductivity. Any di~continuity in the 
crystalline structure is capable of scattering the phonons: 
I 
I 
.\ 
! 
I 
I 
i , 
, 
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impurity atoms (including the presence of isotopes), crystal 
defects, specimen boundaries. Amorphous materials are poor 
thermal conductors. 
If phonon scattering was limited to the mechanisms already 
mentioned, a larg~ well grown pure single crystal could be 
expected to exhibit a high value of k. A perfect crystal would 
have an infinite k. The present problem is concerned with 
germanium, a material which can be grown in large single 
crystals with excellent chemical purity. But very large k 
values are not observed. Phonon-phonon scattering holds k finite. 
For a linear crystal, there can be no phonon-phonon scattering. 
Were the force-displacement relationship for the atoms of 
the crystal strictly proportional, the lattice could support 
any number of wavetrains, with interleaved paths, without 
mutual interference. At each phonon-phonon encounter, energy 
and crystal momentum would be conserved, and any net energy 
transport in one direction would proceed unhindered. 
Any actual crystal exhibits an asymmetry about the atomic 
equilibrium position of the force displacement curve(Fig.6.6.2-1). 
Forc.e. 
FIG. b.6.'Z - i 
5;"0-./'''9 Q.1\ hC1.l" ....... on i~ OQC",e of cr'~~t:.~1 ml:..r."lor<l·,c. 
fo(,ces. 
There is an anhar!llonic component, which leads to mutual 
modification of character of the interacting phonons. Two main 
classes of encounter may be distinguished; the normal process, 
and the Umklanp process. In the normal encounter, the total wave 
~ 
vector K. of the pair of phonons is conserved, and may be 
l. 
described:-
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The normal process does not directly lead to phonon scattering. 
On the other hand the Umklapp process (ref.l2) does result 
in a net change of direct10n of energy flow, and leads directly 
to phonon scattering (randomisation of direction). It is 
essentially a "Bragg reflection" type of process in which 
crystal momentum may be "reflected". There is no analogous 
process in particle dynamics. It may be described 
6.6.2 - 2 
...... 
where G is 2~ times a reciprocal lattice vector. 
The Umklapp process only occurs 
are relatively energetic ( ( -
where the 
ks @ 
2 
participating phonons 
where E is the phonon 
energy, kg is Bol tzmann I s constant, @ is the Debye temperature). 
One consequence of this is that Umklapp events are relatively 
rare at low temperatures, governed by the Boltzmann probability 
factor exp (- ~2T); that 1s, proportional to the number density 
of sUitable phonons. At high temperatures, the population of 
suitable phonons ~ 2T-® so that Umklapp events are 
proportional to T. 
The concept of phonon mean free path, ~, before scattering 
is useful. A shorter t means higher thermal resistance R, a 
lower thermal conductivity k. 
R.c 1 
I 
6.6.2 - 3 
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The number density n of phonons capable of undergoing an 
Umklapp process determines t where Umklapp scattering is the 
dominant mechanism. Thus 
i 
6.6.2 - 4 
The energy transport, and hence the thermal conductivity k, 
may be expressed in terms of the mean free path. It may be 
shown to be (ref.l, page 35):-
1 - n k=3rc"..:Jx.. 6.6.2 - 5 
where ~ is the material density, Cv is the specific thermal 
capacity at constant volume,and w is the mean phonon velocity. 
This expression has the general form shared by the transport 
coefficients of the kinetic theory (ref.13 pages 45 - 48). 
The total lattice thermal resistance of a material is usually 
taken to be the sum of the resistive contributions of all the 
relevant scattering mechanisms. Thus 
6.6.2 - 6 
RB is resistance due to boundary scattering 
RU It " " " Umklapp " 
Rr " " " " impurity " 
R " D " " " defect " 
RM " " " " mosaic " 
For ~ pure well formed crystal (such as the germanium etalon~ , 
R
r
, RD, RM may be taken as negligible in ,relation to RB and 
RU. Further'.Ra is only relevant at very low temperatures 
where the specimen boundaries determine the phonon mean free 
path. These points are illustrated in Fig.6.6.2 - 2 (ref.9 page 14) 
----------------
. Therm.aJ ~nduclivity of a non·~elallic crystal. The dominant phonon-sc8nering 
mechanisms are mdlcated aJon~ the abscissa. The upper curve is for a crystal of larger 
diameter than the lower curve. 
Fig 6.62 - 2. 
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To predict k from a calculated behaviour of the mean free path 
j, a knowledge of the temperature dependence of C .. , the specific 
v 
heat capacity at constant volume is required (see equation 
6.6.2 - 5). Also required is the behaviour of f (T)OLnd. ;::,(:-0). 
The specific heat is a measure of the rate of change of the 
aggregate phonon energy with temperature, and as such is 
concerned with the number density and the frequency distribution 
of the phonon popUlation. There is an intimate connection 
between the temperature behaviour of Cv and that of k. The 
next section 6.6.3 examines the temperature behaviour of Cv. 
Liquids 
FtwliQuids 
--
--
Temperatur. 
GOS~$ 
;Thermal conductivity as a function of tempera-
ture throughout three physical states. 
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Section 6.6.3 The specific thermal capacity. 
The specific thermal capacity, and its behaviour with 
temperature enters this problem in two ways; the Debye 
temperature ®, important in describing lattice conductivity, 
is defined in terms of Cv = Cv(T); and Cv enters into the 
equation to be ~olved - equation 6.3 - 4. Thus this problem 
requires a knowledge of Cv over the range 300 K ~ 1200 K. 
The distinction between Cv (the specific thermal capacity at 
c."",si:,,-nt "0\""'''-) Co.~d. Cplthc spec..r.< t::he.r..,o.e. ""P"~;t-y "J: 
constant pressure) must be examined. The theory requires the 
use of Cv' while measurements (and quoted values) are of Cp. 
Dulong and Petit in 1819 enunciated their law for the atomic 
heat of all solids (ref.14 page 210). "The product of the 
specific thermal capacity at constant volume and the atomic 
weight, that is, the atomic heat, is the same for all substances, 
and is equal to 24.94 joules per gram-atom per degree~' 
As was shown later, this result follows from the principle 
of equipartition of energy. For an atom situated in a crystal 
lattice, there are 6 degrees of freedom, 3 of potential 
energy, 3 of kinetic energy. Equipartition requires tkBT of 
energy per degree of freedom; thus for one gram-atom, the 
total vibrational energy E at temperature T is:-
E = N 0 x 6 x (tkB T) 
= 3RT 6.6.3 - 1 
where N 
0 
is Avogadro's number / 
and here R is the universal ,gas constant = kBNo 
kB is Boltzmann's constant 
The atomic heat at constant volume C is therefore 
v 
dE 
dT 
= 3 R 
Experiment shows that at ordinary and high temperatures, 
C for "simple substances" converge toward the Dulong and 
v 
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6.6.3 - 2 
Petit value. Over the full range of temperature, the Cv(T) curves 
for these sUbstances are of similar shape, and may be expressed 
as 
= F( T ) {!9 6.6.3 - 3 
where F is a function, the same for all materials, and QD is 
a parameter particular to each substance, known as the Debye 
temperature. A universal curve of Cv may be plotted (Fig.6.6.3 -1) • 
. We b';ve Schriidinger's curves in fig. 7.6. Values of 
TIEl are plotted as ab.cissm and atomic heats at constant volume 88 
ordinates .. The. curve marked Il is the complete one. It is not possible 
wIthout confusIOn to show all the points on the one curve, 80 portions 
of the curve have been reproduced, and the results for some of the 
substances plotted on these separate portions. The group of curves 
marked I have been displaced horizontally, and the curve marked III 
has been displaced both horizontally and vertically.' 
V6> 
'1 " ...··1 ·6 ., , of 1 ., ·1 , f J -6 ., , 9 2 
• 
Cu, AI. C.f1 , C. 
• 
J 
I 
1 'I "l ;J of 'S , '7 , '9 2 
Fig. 7.6 
Fig.6.6.3 -_~.J 
Better descriptions of these experimental data invoke 
quantisation of the phonon energy (ref.14 Chap.XXll). 
Before interpreting these facts in terms of germanium, the 
difference between Cv and Cp will be estimated for germanium. 
One relationship ~Ihich may be used is (ref.14 page 209):-
where ~ is 
y -
k -
90£..2. " 
--]<---7 
the coefficient of linear expansion 
volume of 1 kg (~y!" ) 
isothermal compressibility. 
substituting the values for G ~ 300 K:-
e 
C - C = P v 
= 1.45 J/kgK 
6.6.3 - 4 
which when compared to quoted C - 310 J/kgK, it is seen that p 
the error in regarding C ~ C is less than 1% at 300K. 
v p 
Insufficient data is available for evaluation at - 1200K. 
There seems some doubt about this last figure in terms of data 
presently available to the author, as it leads to a ratio 
Cp 311.45 
Cv 310 
- 1.005 
This 'is much smaller than the ratio for many other materials' 
(A~,c ,N~Ce,KCtetc) which all have values of C IC z 1.04 
u p v 
(ref.14 page 210). A value 1.04 leads to C - C = 12 ~ k ' p v j 
an order of magnitude higher than previQusly. The approximate 
formula (due to Nernst & Lindemann) related to the material 
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melting point temperature gives an order of magnitude lower 
result:-
0-0051 2.,.. 
C-C= c;. 1 
P v -("P 
(in C_~.$ units) 
leading for ne at 300K to:-
C - C c 0.122 P v 
This difficulty may be resolved for our purpose without resort 
to further published data. First note that germanium is one 
of the group of zinc blende structure crystalline substances 
with a coefficient of linear expansion which is abnormally 
low, a matter discussed by W.B. Daniels (ref.17 page 482 fJ: l. 
He notes that at high temperatures these semiconductors have 
cC ~ 10 x 10-6 K- l wh~reas the alkali halides have ~ ~ 100 x 
10-6K -1. Thus discrepencies with various formulae for Cp - Cv 
might be expected. Use of a small ~in equn. 6.6.2 - 4 will lead 
to a small difference C - C • Second, note that in all p v 
evaluated expressions, Cp - Cv is always small compared to Cp' 
even though differing by an order of magnitude. The thermal 
runaway of germanium under irradiation is not likely to be 
sensitive to small variations in the value of Cv used in the 
equation 6.3 - 4. 
Therefore, in this work, reliance is placed in the thermodynamic 
expression for Cp - Cv' repeated below for convenience, 
toge~her with the evaluation at 300 K for germanium:-
() 0<. l. -r;:' 
C C = P v k -6.6.3-4 
:::,. 1.45 J1kOk for G ';) 300K e 
and C 
"" 
C 
- 310 J/~ I< ';;) 300K. v p ~ 
I 
I 
I 
1 
j 
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Finally, in this section dealing with the thermal capacity, a 
check is made to find the contribution to the specific thermal 
capacity due to rupturing covalent bonds, and the subsequent 
thermalisation of the carriers produced in intrinsic germanium 
material. For dielectrics, and for metals, the carrier 
contribution to C is nil. For semiconductors, the largest 
v 
contribution will be made at temperatures near melting; the 
significance of this contribution will be evaluated. An approximate 
evaluation should be sufficient. 
There will be three elements to the carrier contribution to C :-
v 
1) raise the temperature of existing carriers by one degree, 
2) thermalise newly formed electrons & holes, 
3) supply the ionization energy for ~e'tron-hole formation. 
Regarding the carriers as free to gain thermal energy - 3/2kBT 
(contrast case of a metal), which implies low concentrations 
in the available band structure, then the contribution to Cp 
is ~T (~ks-r) ~ 3/2kB per carrier, for the existing 
carriers 
, , 
---'l~~l. 5 ni kB in all, where n,' is number of electrons 
(or holes) in lkg of material. 
To thermalise each carrier formed requires 3/2kBT per carrier, 
or allowing for both electrons and holes, '2. A (\: " "s k B ~ 
--'1»-3 An: k.gA, where An;' is the change of concentration 
appropriate to a change of 1 K at the temperature T. 
The ionization energy required will be 
is the band gap energy. 
Thus writing the carrier contribution as Cc , 
, , L ' , C~ ~ \-S (I.; Rfo + .3 All. ~B f + A"; 
6.6.3 - 5 
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Two approaches may be adopted for evaluating 6.6.3 - 5. 
Both will be tried, one providing a cross check on the other 
(though they are not independent routes). The first, reading 
values of ni-n~ and Il n~L1 n~ from the graph published 
by Morin and Mait~ (ref.18 Fig.4) over the temperature range 
900K - 1000K, is the more approximate:-
I r1i 4 ('I, f I 1·5 tl; kB 3l1n: ~eJ" An: ~ (1; An, 
K Id~ /cMl I') IDkJk 2.'/ ID At) 2., 10 /k') -r/t:..9 k T/~9k -:rJ~k 
1000 O-'B 0-1,.1<,6 2 1-5 1 -2-0- S.IO :." '02- 0'-:31 o -'io 
Summing the final three columns give Cc - 1.1 J/lta k 
insignificant against Cp - 310 J/ka-K. (Note that the room 
temperature density f = 5.323 g/cm3 was used in obtaining 
ni' and A ni - ) 
The second approach is to differentiate Morin and Hai ta's 
empirical equation for ni to obtain A ni' then use equn. 
6.6.3 - 5. The equation is (strictly) only valid for T = 
250 - 500 K. No allowance is made for ~ = ct-(T), and (1""1<-
ls again used. N.one of these pOints should lead to an 
erron:eous final decision (that Cc is to be ignored). 
From Morin and Maita's equation 12 (ref .18):-
1. 76 x 1016T 3/2 exp(- 0-7'35 ) cm-3 6.6.3 - 6 n. = l. !l Aa-r' 
01.11" ,(. 3.{ f 2. I 0- 'fif: -i-~ } e=r( ) , '-'1t1ID -r ~-T + etl ... .!:l..k.~ 
an:, - t~·i. + 4-S50 ] n~ ~ 2. , .. \2.. 
6.6.3 - 7 
substituting into 6.6.3 - 5:-
1000 
write n~c 5.323 ni' to convert to particles/kg, 
Cc = ni f 1.5 kll +( 7 + 4;~0) (3kBT + r~) } 
I 
using ni from graph:-
= 1.5 x 1021( 2 x 10-23 +(1.5 x 10-3 + 4.55 x 10-3)(4.14 x 
10-20 + 1-1 x 10-20 » 
1.4 J/kg K ;;:, 1000 K. 
6.50 
This is in good agreement with the former estimate of hI J/kg K. 
The higher value would be expected from an "instantaneous" 
value at 1000 K as opposed to an average over the range 800 K -
1000 K. 
This section concludes that for the problem being considered, 
the observed values of Cp will serve as Cv. For germanium Cp 
at 300 K is .... 310 J/kg K, and the Debye temperature is@ & 374K. 
This leads to the behaviour Cv = Cv(T) predicted by the theory 
shown in Fig. 6.6.3 - 2. 
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Fig. 6.6.3 - 2. 
6.6.4 Temperature dependence of kLATT1CE. 
The dominant thermal resistance in a good quality crystal 
(at the higher temperatures) is dominated by the Umklapp 
processes (section 6.6.2). This point is graphically made 
in Fig.6.6.4 - 1 in which the various contributions to k 
are shown seperately, and combined (for Si)' 
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_ Comparison of the low-temperature K results for Si 
with the theory in which various phODOD scattering mechanisms 
are considered. 
Fig. 6.6.4 - 1. 
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Detailed analysis of the relaxation time ~ to be expected 
from the spectrum of three-phonon Umklapp events is 
extensive (ref.IO page 62). The required results relevant 
to the problem under consideration are extracted, and shown 
in table 6.6.4 - 1 below. 
Table 6.6.4 - 1. 
aa..s . Scattering proce .. 
D 
DJ 
L+L"'L 
L--L+L 
T+L"'L 
L+T"L} 
T+T"L 
• 
W and T dependence of ,-I 
N·proce .... 
{WT (high temp.) w:r(low temp.) 
JT 
{
WT (high temp.) 
w:r(low temp.) 
no U.proceuel 
{
W'T (high temp.) 
w' Tt (exp (- nwolkBT) 
(low temp.) 
no U-processes below 
a minimum frequency 
..... -1 Note that the table shows ~ dependence on phonon radian 
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frequencY~'and temperature T. The lattice thermal conductivity 
kL should be proportional to ~ for the Umklapp processes Class 11. 
( CiD / ®) At low temperatures 30 ~ T '10" ' 
kl....c· T/<.>1. e:>cp (t, wD/ksT ) 
where 11 = 21( h, h is Plank' s constant, and tJ
D 
is a 
6.6.4 - 1 
characteristic parameter, which may be expressed in terms of 
the Debye temperature, @. The temperature dependence 
'expressed in 6.6.4 - 1 is not undisputed. Expressed alternatively, 
6.6.4 - 2 
Where both 
kL ct T S €x.f>(@/bT) 
! and b are of the order of unity (first proposed 
by Peierls), would be in accord with most autho~s. Although 5 
as high as 8 has been proposed by Julian (1965). the exact 
value is unlikely to be determined by experiment due to the 
dominance of the exponential term (ref.9, page 58 ff) (See both 
Fig. and Table 6.6.4 - 2). 
Oil/ufnl forms of Ihf tempera lure dt-
prndencf of U-proCfss-limited Ihumal 
conduclivilY which fil experimenlal re-
sulls equally wellt 
NaF 
r' .. p(6/J·$TI 
T' exp (6/2·9T) 
T'exp(6/2·4n 
T'exp(612·zn 
FIG.. ".".4..-2 
LiF 
T 'exp (6/b·On 
r' exp(6/4·t n 
T' exp(6/3·3n 
T' exp(6/Z·bn 
T'cxp(8/2'4n 
0·U1 oos 
lIT fK -'I 
Plots of thermal conductivity multiplied by various powers of the temperature as 
a function of inverse temperature (or NaF. The absolute values of the ordinate change by 10 
between each curve. (Data from lackson and Walker 1971.) 
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To observe this low temperature dependence reqUires extreme 
chemical purity. Although germanium may be prepared to a 
chemical purity better than 1 atom in 1010 atoms, it occurs 
as a mixture of isotopes in the proportions noted below 
(ref. 21) 70Ge 20.55%; 72Ge 27.37%; 73Ge 7.67%; 74Ge 36.74%; 
76Ge 7.67% (to digress for a moment, it is interesting to 
note that germanium from meteorites has the same isotopic 
composition). The results of several authors E::0r~g 
experimental and calculated kL over the temperature range 
1 K ~100 K are shown in Fig. 6.6.4 - 3 (ref.lO page 99). 
• 
10 
T(K) 
• •• Experimental d.au (Geblik and Hull, 1958; 
Slack and ClassbrellOO', 1960) 
Callaway (1959) 
Holland (1963) 
Hamilton and Parrolt (1969) 
100 
Figure 3. Comparison of experimental data on germanium with theoretical 
calculations. 
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The two sets of.curves represent natural and isotopically 
enriched germanium. The R.H.S of the diagram shows kL dipping 
toward the 60 W m-I K-I room temperature value, and the range 
of major interest in the present problem. 
At h~h temperatures (a term which embraces 300K -l200K for 
germanium), the temperature dependence of ~ , and hence kL is:-
yl.)2T 
6.6.4 - 3 
This may be expressed for germanium in terms of constant A, 
,,, 
which will be quantified from published datal6.6.7. 
A 1 6.6.4 - 4 
Expressions for kL embodying this temperature law have been 
proposed (ref~ listed ref.9 page 47), which relate k to other 
measureable material parameters:-
k cC L i 
-r 6.6.4 - 5 
Ma is the atomic weight (proportional to the mass of the atom,M) 
a 3 is the volume occupied by one atom 
~ is the Debye temperature 
)( is the Gruneisen constant. 
1'" 
The Gruneisen constant is an anh~onicity measure. For a 
perfectly harmonic crystal, i = O. There are a number of 
defini tions for )(; one is in terms of the rate of change of 
the mode frequency with the volume of the crystal. In terms of 
the ith mode 
6.6.4 - 6 
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Then ~ is the mean of all the '6is weighted toward the "s for 
the important modes at any given temperature. 
Another approach is in terms of the coefficient of expansion. 
Were the crystal perfectly harmonic, there would be no thermal 
expansion. The expansion which does take place depends on the 
anharmonici ty ('t), and the changes in the exci ted modes of 
vibration as the temperature changes (of which Cv is a measure), 
The experimental definition of 't:-
coefficient of expansion = "Cv }( 6.6.4 - 7 
Inserting the values for germanium; 
= 
y = 0.284 
The value of the Gruneisen constant for many semiconductor 
crystals as derived from measurements of k and the use of 
relation 6.6.4 - 5 is ~ 2 (ref.16). The discrepancy between 
the thermal expansion derived ~ and the conductivity derived 
is reduced when normal three ph on on processes are taken into 
account (ref. 29). Also Barron (ref. 30) pOinted out that 
different averaging processes are involved in calculating )( 
from thermal expansion and the thermal conductivity respectively. 
Measurement shows that in practice the thermal conductivity 
f 0 (d 01 0 ) 0 0 t 1 T-1. 3 A or german1um an S1 1con var1es approx1ma e y as • 
small correction to the T-l law of about 0.02 in the power of 
the temperature can be ascribed to the effects of thermal 
expansion. At the higher temperatures, an additional resistivity 
proportional T2 should be taken into account. Empirical data 
for kL are presented in 6.6.7. 
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Section 6·.6.5. The carrier contribution to thermal conductivity. 
The carriers in a metal or semiconductor may pick up energy in 
a high temperature region of the lattice, and carry it away to 
a cooler region. Energy is transported down a temperature 
gradient by this mechanism, and will make a contribution to 
the total thermal conductivity of the crystal. As the carrier 
density increases (with rising temperature) in a semiconductor, 
the carrier. contribution will become increasingly significant 
in comparison to the lattice conductivity. 
The purpose of this section is to review the theoretical 
framework, and to evaluate the relevant expressions in terms 
of germanium over the temperature range (300K - l200K). In 
6.6.7 some published empirical data is presented. 
be 
It mightlexpected that the electrical conductivity should be 
.. 
related to the carrier thermal conductivity, since both are 
using the same transport mechanism subject to the same scatterLg 
processes. For a pure metal, the carrier thermal conductivity 
ke is dominant, so that the measured conductivity k
meas 
is:-
k :::!k meas e_ 
Then the Wiedemann - Franz law applies 
k 
meas 
where L is constant 
L 
= L 
= 1 7('- ~ 2 
3 e 
= 2.45 x 10-8 WJldeg-2 
1 :!. The value 3 7C depends upon E F» kT, which for a metal at 
normal temperatures is true (EF-S'eV; kT - O.03eV). 
6.6.5 - 1 
6.6.5 - 2 
6.6.5 - 3 
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In an intrinsic semiconductor, there are two components to 
the carrier transport of energy. There is transport of kinetic 
energy, and the transport of the ,energy of ioni zation, which 
is given up to the lattice on recombination down stream. The 
latter term is the larger in an intrinsic material. The 
Weidemann-Franz law'may only be applied to the kinetic energy 
1 .. term. The value '3 7C may be modified for a degenerate 
semiconductor tending to the value 2 depending on the appropriate 
value of EF/kT' and assuming the relaxation time ~~ E-t ( E is 
the carrier kinectic energy). For a non-degenerate semiconductor 
for which ~.t:. E-t , the value is 2. 
For the purpose of this section, it is assumed that carrier 
transport is in response to temperature gradients alone; 
zero electric field is assumed. In the case of the laser beam 
giving rise to the temperature gradients, as in the problem 
under consideration, the material is bathed in very strong 
electric fields. They are alternating at 28.3 THz ( )... =10. 6JA"" ). 
For the moment, these will be treated as averaging zero over 
a time scale very short compared with thermal transport effects. 
Thus the zero field condition is considered to apply in the 
following paragraphs. This will enable the analysis to be 
based on Smith Ch.6 (ref.24). 
When there is a temperature gradient, the equilibrium 
distribution function J (k), giving the distribution of the 
electrons between allowed energy levels with various values of 
the wave vector lk, will be disturbed from its eqUilibrium value. 
In this case, a simple averaging of the equations of motion 
over the eqUilibrium distribution is not satisfactory. To obtain 
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equations for electric current density and of heat flow, the 
variation of + <I~) ~iven by Bol tzmann I s equation must be used. 
~he result for current density due to electrons 1s:-
T. -= ne { t + I~ (EF) d-r 7 .("t">+oe d'('tf> 
x ""~ e le. dT T oIx} "ItT c:lx 6.6.5 - 4 
To obtain the heat current\Jx, replace -e by E before averaging:-
-N.B. Some brackets have been moved in 6.6.5 - 4 as compared 
to ref. 24. 
If no current fl~WS. t'x may be eliminated between the equations 
6.6.5 - 4 & 6.6.5 - 5 (Note that if et':4=o ) c.,<:# 0 ):-
olx 
y.j,,= 
The thermal conductivity ke due to electrons is then 
But 
Therefore 
n e'l. 6:) i 
W"le T 
L 
n 
'1. 
ne 
(the Lorentz ratio) 
6.6.5 - 6 
6.6.5 - 7 
6.6.5 - 8 
6.6.5 - 9 
6.6.5 - 10 
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• J 6.6.5 - 11 -. 
To evaluate the averages "t', E2'( and E't" over the electronfc 
energy distribution, first write for(-r7(ref.24 page 117):-
NtE) Q)Cp (- EAT ) 01 E 6.6.5 - 12 
where equation 6.6.5 - 12 includes the use of the weighting function 
for the averaging process of (ref.24 page 116); 
E 6.6.5 - 13 
with the function t. being replaced by an exponential to give 
E N(E) ex.p (- El kT ) 6.6.5 - 14 
This weighting function is required to give sufficient weight 
to the more energetic electrons, rather than (as might have been 
expected):-
where 
N(E2f. KE -Ee)/ kTJ 
f is the fermi function f(x) = l/(exp(x)+.l) 
o 
6.6.5 - 15 
E is the electron energy (note not the band gap energy Eg) 
Ef is the Fermi energy 
N(E)dE is the number of energy levels per unit volume 
with energy between E &(E ~ dE.) 
For a non-degenerate semi-conductor, having "spherical" energy 
bands 
6.6.5 -1i 
Substituting back into 6.6.5 - 12; 
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(.-0 
6.6.5 - 17 
To progress further requires a knowledge of 't" = 'l' (E). For 
many semiconductorsi lt is satisfactory to write:-
rv -s ~ = a E 6.6.5 - 18 
where s is a constant, and a is temperature dependent. 
for lattice scattering alone, s = t. Substituting 6.6.5 - 18 into 
6.6.5 - 17:-
<'"t)= Q. 
_____ 6.6.5 - 19 
The integrals may be evaluated using the properties of the 
Gamma function, defined by:-
f~ Icx) = 0 t X-I 
The properties are (ref~2p.lO ff):-
r(x + 1) = x nx) 
r(n + 1) = -n! n interger 
r( t) = Jl2 
Substituting t;, E/kT into 6.6.5 - 19, it reduces to:-
For a pure semiconductor, with predominantly lattice 
scattering, s = t, so that 
= 4a 
3.,J'7tkT I 
6.6.5 - 20 
6.6.5 - 21 
6.6.5 - 22 
6.61 
_ To evaluate the weighted averages <'rE) , <E2"() , of the 
equation 6.6.5 - 11, the weighting factore are the eame as for 
<~~ ; multiply equn. 6.6.5 ~ 19 by E (and E2) before 
averaging. Using the same procedure givee:-
('t" 0/ = a(kT)-s kT r (712 - e) 1 r (5/2) 
(for s = t) 
4a 2/"'kT 
= 
3 . .[7lkT 6.6.5 - 23 
and 
~E2> = a(kT)-s k2T2 r-(912 - s) 1 r-(5/2) 
(for e = t) 
ka. x 3! x ~T~ = 
31<t/n: k T' 
. -- - -
6.6.5 - 24 
Therefore in equation 6.6.5 - 11 
i f 
<--C) (E1~ (,=~1 ) 
kT2 <'l') 2-
reduces to:- {31 (.~ I) 2} 
-
2 ~ (5~ _ s) 6.6.5 - 25 
Therefore, in the case of a non-degenerate n-type semiconductor, 
the electric heat conductivity ke is related to the electrical 
conductivity by 
ke. L (k\~ O"'T -e.! __ . ____ 6.6.5 - 26 
and L = 2 or in general L = (5/2 - s) 
When holes participate predominantly in the heat conduction, 
a similar expression is obtained (ref.24 page 150):-
6.6.5 - 27 
where 5
, 
is the power appropriate to hole scattering. 
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When both electrons and holes participate to give a mixed 
conductivity km' an extra term is introduced which represents 
the transport of the intrinsic ionization energy tg down the 
thermal gradient (ref. 24 page 150); 
k", ." {(% -S) npe + (-3z -S)Pf'~ + {(5-5-S')+ ·JhJ~f',u,,}Ah l 
crT tn~e + .p ;v.h) (l"\j-(~ + ?/"p):L J 6.6.5 -28 
For a non-degenerate semiconductor for which s = ti'= t. if a 
small contribution due to the temperature variation of t g 
is neglected:-
6.6.5 -29 
This result (first quoted by E.H.Putley(ref.33» may be put 
into various forms for convenience (ref. 10 page 86). 
where eT
e
• cr'h' a', are conduc ti vi ty. elec tron. hole and total. 
L e .lh' are the seperate Lorentz numbers for electrons 
holes. 
If s = s' = t 
_ ~: {a; :; . ('o/kl + y~ Z GO ;,.<r. } 
6.6. 5 - 31 
For an intrinsic semiconductor n = p = nit so that oe/~ = 
~f~" = b. the ratio of electron to hole mobilities. and 
(ref. 28):-
+ 
b 
(I + bY' 
This last form is the one which will be evaluated for 
germanium, taking l.g'!e'j"h and hence b from the work of 
Horin and Maita (ref. 18). 
In their work, the lattice mobility is extrapolated to the 
6.6.3 
higher temperatures from measurements over lOOK--300K. At the 
higher temperatures, an additional calculated allowance was 
made for electron-hole scattering whi.ch, as the carrier 
concentration increases with temperature, further reduces the 
mobility (see dotted entry Fig.6.6.5 - 1). 
/·~~:~I~:.:.f~~;:~;"'.f:: .. { ; 
I, (~IC.'''O'' "C~l • ; ,"". ,'--, H,H',.,,,, . '. OO:~~t--~. ~~,--~;-~~~;.:..~~, .. ~ :;-':-~-t-: 
_ ''''l xv;, .1<>0 • ..., 1"0 •. ft 'OQO t_ 
, ... " .. 19"~""t ... w:, ••• , ·1 •• • .. · 
F'C,.b.b.5- i 
The lattice mobility. may be expressed (ref.18):-
6.6.5 33 
= 1.05 x 109 6.6.5 - 34 
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For temperatures above 500K, the combined effect of the lattice 
scattering >and electron-hole 
/ie(500d ) = 4.84 x 
jAh(500d) = 1.56 x 
scattering 
109 T-2 •4 
1010T-2 •76 
lead to:-
6.6.5 35 
6.6.5 - 36 
These 
ref. 
expressions fO~~ above 500K were extracted from the graph 
18 Fig. I, and a straight line fitted to the values read 
out. The fits had correlation coefficients of -.998 (equn 35) 
and 0.9997 (equn 36). 
The values for f.g are derived from the expression developed in 
section 6.5.3:-
~g = 0.782 - 3.9 x 10-4T - 4.61 x 10-lO(ni)t T-t ___ ._ 6.5.3 - 4 
The electrical conductivity values used in table 6.6.5 - 1 
are taken from Glassbrenner and Slack (ref.28) with some 
interpolated points. Their values had been obtained from a 
review of several authors, including ref.18. They fit a 
straight line Ln a' ~ with great preLision, correlation 
- 0.9999. It is concluded that this therefore broadly represents 
a linear regression line fit to the empirical values of 
Morin and Maita (ref.18). The line used in ref.28 is:-
Ln 0' = - 4120/T + 14.8 6.6.5 - 37 
Morin and Maita's data shows a distinct curve, which clearly 
is not represented by equn.37. Some error is therefore 
introduced into the calculatio~of k • Since k cannot be 
m m 
measured directly, and since k is small compared to the total 
m 
thermal conductivity over the greater part of the temperature 
range, these minor discrepencies are considered of no 
consequence in the present context. 
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The evaluation of km for germanium using equation 6.6.5 - 32 
is tabulated Table 6.6.5 - I and plotted in Fig. 6.6.5 - 2. 
Section 6.6.6 Thermal transport by radiation. 
Since electromagnetic radiation can propagate through a 
material, in particular germanium .... ·there will be a net 
thermal transport away from a high temperature region. 
If the radiation is intercepted (absorbed) "downstream" of 
the source, it will constitute a contribution toward the 
thermal conductivity. The energy flow is randomised in a 
succession of photon. emissions and absorpt1~ns. A diffusion 
of energy characterised by the radiative heat conductivity 
coefficient kr results. 
Such a radiative contribution to k has been observed in 
Ge -Si alloys (ref.16). The thermal conductivity due to 
photons is given by (ref.IO page 87); 
where k 
r 
n 
T 
1(, 
3 
3 
-r 
Thermal conductivity by photon diffusion 
Stefan-Boltzmann radiation constant 
refractive index 
temperature degrees K 
coefficient of absorption 
6.6.6 - I 
an average taken over the spectral range of the 
black body radiation appropriate to the lattice 
temperature (ref.IO page 87). 
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The temperature dependence of kr in the case of germanium 
is determined by two opposing terms; 
a) a rapid increase with temperature due to T3 
b) a rapid decrease with temperature due to ~ -1) 
Therefore, at some t.emperature, a peak will be exhibited 
(Fig. 6.6.6 - 1). The most important contribution to~-l~ 
is made by~ in the neighbourhood of the peak of the blackbody 
radiation distribution. For intrinsic germanium, with a rapid 
increase of carriers with temperature, ~-l> decreases 
rapidly from about 500K upward. A peak in the value of K r 
occurs for a temperature ~ 600K(Fig.6.6.6 - 2). 
\ 
\ 
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T 
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/ " / , 
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. Effects of radiative heat transfer on the thermal conductivity of 
n·type germanium-silicon alloys. [Beers.r al., 1962, flBur. 4., 
The peak contribution is only r-- 1 W/m I(, For pure germanium. 
with a lattice contribution over the temperature range from 
60W/mK to lOW/mK, Kr is difficult to observe experimentally. 
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To observe kr,a crystal With low lattice conductivity is 
required (OaAs, Oe-Si alloy). Additionally, a large energy-
gap material is required to "hold _ off" the ~-l> term 
long enough for the T3 term to be significant. 
At temperatures high enough for carrier conductivity to be 
appreciable, due to large carrier concentration, the carriers 
will ensure that ~ -:i) is very small. Thus kr is not likely 
to be significant in temperature ranges where ke or km are 
significant. 
It is generally agreed that radiation makes no significant 
contribution to k at any temperature in intrinsic germanium 
(ref.lO, page Ill). For the problem under investigation, kr 
is a factor that does not need to be further considered. 
t 
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Section 6.6.7 Germanium - thermal conductivity, k. 
The previous sections have examined the nature of thermal 
conductivity for a crystalline material. It has been observed 
that there are essentially three possible contributions worth 
considering; lattace, carrier and photon. The theoretical 
framework for these quantities has been reviewed and examined 
to establish the expected.temperature dependence of each. 
Here, the empirical magnitudes relevant to germanium over 
the temperature range 300K~1200K will be extracted from 
the literature, and a general conformity to expectation noted. 
Finally forms of the function k = k(T) suitable for use in the 
laser heating model are discussed. 
A photon contribution kr is too small in comparison with 
the high conductivity of the lattice to be measureable for 
intrinsic germanium. Therefore, over the range 300K~1200K, 
kr = 0, and will not be further considered. 
The lattice conductivity kL is ~ 60W!mK at 300 K, and conforms 
1 approximately to the theoretically expected _ dependence 
T 
for higher temperatures. The results of Beers et al(ref:16) 
for a near intrinsic specimen "Ge - 1810" are shown in 
Fig.6.6.7 - 1. 
Fig.6.6.7 - 1 
The ratios of thermal resistivities to 
absolute temperature, WIT, as a function of 
temperature in silicon and germanium. The 
types of the impurity additions and the ex-
trinsic carrier concentrations are indicated in 
the figure. 
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If over the temperature range 300K---600K:~ 
k '" k L meas 
A 
= 'T 
then the product of thermal resistance W(= Ilk) with 
1 
reciprocal temperature 'T:-
W = 1 = constant 
T A 
6.70 
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Beers et aI, using a thermal diffusivity method to measure k, 
found this to be approximately so, with the constant = 
6.2 x 10-3 W-l cm. Using this to evaluate A of equation 6.6.7 - 1; 
300K~600K : 
6.6.7 - 3 
giving a value of k = 54 W/mK ~ 300K. -This is somewhat lower 
than the generally accepted value for intrinsic Ge. The values 
of interest to the present problem have been interpretted 
from the graph Fig.6.6.7 - 1, and presented in Table 6.6.7 - 1 & 
Fig.6.6.7 - 2. 
The isotope resistivity, WI , due to the isotope mix in Ge 
(see section 6.6.4) is given by an expression for weak point 
defect scattering due to '\'mbegaokar (ref.35):-
WI = 4.4 x 10
4 r6@-1 w-l deg cm 
where 1= ~f; ~Mi - M) /M] 2 6.6.7 - 4 
L 
is the point defect parameter due to isotopes M. of 
1. 
concentration f·. @ is the Debye temperature (K), and & is 
the cube root of the atomic volume in ~ngstroms. For germanium, 
f'= 59 x 10-5(ref.16), which means that the increased resistivity 
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due to isotopes is "'"10% at 300K. At higher temperatures, this 
contribution becomes less significant since it is temperature 
independent. 
Glassbrenner and Slack (ref. 28) measured the thermal 
conductivity for germanium over a wide temperature range 
(3K - 1190K). To achieve this range, two apparatus sets were 
used; With no "adjustments" to resul~s, the two sets joined 
smoothly Fig. 6.6.7 - 3. 
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FIG. S. The low- and high-temperature K versus T rrsuIts for ~. 
Fig.6.6.7 - 3 
For the lattice conductivity, they took into account Umklapp, 
isotope, and four phonon relaxation times ('tu' 't I' 't' H 
respectively). These are given by:-
't -1 
u = Bu w
2 T 6.6.7 -
1:: -l(w) = 3 Vo r wYx v3 6.6.7 -I 
- - ----
------
- - - --
- - - -
5 
6 
where L.> is the phonon frequency 
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Vc 
" " average volume per atom in the crystal \T 
" " " sound velocity 
H subscript stands for higher order phonon 
interaction processes. 
and Bc< hY:I. EXPt~T) independen t of T u 
when T>® 
'2 X"" ® v2 
m is the average mass of a single atom 
r is Gruneiserrs constant assumed to equal 2 
~ is a constant. 
When T>®. the quantity x:; (,,",w/kBT) is small, and an 
approximate expression may be used to express the lattice 
conductivity k L:-
k ... = 
in which -1' , a combined relaxation time is:-
c. . 
"l c -1 ,.,.. -1 'l-l + l r + H 
_ 6.6.7 - 8 
6.6.7 - 9 
9.6.7 - 10 
When isotope scattering is much less significant than phonon-
phonon scat tering (T~ ®), Ambegaokar (ref .35) proposes 
that equations 6.6.7 - 8 & 10 may be reduced to:-
W = It 0- h 12, '" T u ® Raz-
WH = 7C.:r h -:B .. T2 @ kJl2. 
Wr = 4 7t .l v. G h ,)1 
and k -1 = WL = W + WH + Wr 6.6.7 - 11 L u - - .- - . 
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The quantity WI is (except for a factor of 12 in the definition 
of T) the same as that given by Ambegaokar. For germanium (values 
used in ref.28), 
v 
= 
3.94 x 105 cm/sec 
® 
= 
395K (source quoted) 
,'= 
4.90 x 10-5 (source quoted) 
so that WI = 0.17 cm deg/W. 
Now the thrust of the argument here is that using the value 
for W
I
, and remembering that over the range 300K - 600K 
= k-1 
meas 
= (W 
u 
• 51 
6.6.7 - 12 
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A plot of (W - wI)' versus T should be a straight line from 
T 
which Bu and ~ may be experimentally determined (to see this, 
note temperature dependence of Wu & WH in 6.6.7 - 11, and 
remember 'NI is independent of temperature). Also, an 
extrapolation of ~he line may be (it is assumed) used to 
determine kL in the temperature range 600K - 1200K. 
The results of Glassbrenner and Slack are shown in Fig.6.6.7 - 4. 
From the graph Fig.6.6.7 - 4, the empirical expression for kL 
may be deduced (ref.28):-
= WL = (3.95 x 10-
3 T + 3.38 .x 10-6 T2 + 0.17)cm deg/W 
6.6.7 
Values calculated from 6.6.7 - 13 are in table 6.6.7 - 2 
together with measured values from ref.28, and a difference 
column which represents the carrier contribution to thermal 
conductivity. The final column of Table 6.6.7 - 2 shows the 
carrier contribution calculated in section 6.6.5 for 
comparison. 
Table 6.6.7 - 2 
T kL k measured k (by difference) k calc. m m 
k W/mk W/mk W/mk W/mk. 
300 60.3 60.0 - 1.3 
400 43.7 44.0 - 2.7 
500 33.4 33.B - 1.6 
600 26.6 26.9 - 5.6 
700 21.B 21.9 0.1 1.1 
Boo 18.2 19.3 1.1 2.1 
900 15.5 17.7 2.2 3.1 
1000 13.3 17.1 3.8 4.3 
llOO 11.6 16.9 5.3 5.8 
1200 10.2 17.3 7.1 6.8 
1,210 10.1 17.3 7.2 6.B 
- 13 
-3 
-2 
-1 
-1 
The carrier contribution to the thermal conductivity km' as 
deduced experimentally, and as calculated, show reasonable 
agreement. It is probably not possible to get closer to the 
6.76 
truth than this. Experimentally, km is determined by subtracting 
an extrapolated kL' from k - a difference between two meas 
relatively large quantities. Theoretically the expressions used 
are derived under a number of simplifying assumptions; the 
semiconductor is taken to be intrinSic, possess simple parabolic 
valence and conduction bands, and in which the charge carriers 
suffer only acoustic mode lattice scattering where the 
scattering probability varies with the carrier energy ( as ~ • 
In fact germanium has multiple minima conduction bands, 
multiple valence bands, and both acoustic and intervalley 
scattering occur. The correlation is therefore taken as 
satisfactory for present purposes. The way is now open to look 
at alternative models of k = k(T) which may be used for 
computational purposes. 
There are several models for k = k(T) which should prove 
satisfactory for this problem. A decision between them will 
not be made at this stage. We note possibilities, and keep 
options open. 
Intuitively, we feel that a description of the behaviour of 
germanium under intense radiation in thermal runaway conditions 
will only be weakly influenced by k = k(T). -me expectation 
would be that the absolute value of k at the ambient 
temperature, together with the experimental geometrY,would 
dominate the "take off" into thermal runaway. But once into 
runaway, dependence on k would be weak, due to the rapidity of 
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change. From these comments, we may draw the inference that 
it is not necessary for the model to reproduce experimental 
+ k = k(T) with precision. Again intuitively, values to - 10% 
+ 
are probably more than adequate. Even - 2~~ over the temperature 
range 400K~120OK, where change is rapid is probably more 
than acceptable. 
The models available then to represent k = k(T) for germanium 
will be labelled k 1, k 2, k 3 etc. 
Model k 1:- A "look up" table ( + - 5% absolute) 
The precision is the estimated precision of the experimental 
measurements (ref.28). The table may be obtained from Tables 
6.6.7 - 1 or - 2, or from Figs. 6.6.7 - 2 or - 5 as required. 
Fig. 6.6.7 - 5 
QJ 
" -EXPERIMENTAL CURVE 
._-- ESTIMATED lATTle[ THERMAL 
CONDUCTIVITY 
B 
OJ200 250 XIO 400 !lOO 600 lOO IOC(l IZOO 
TEMPERATUIE, 'K 
K versus T lor Gc showing the urx-rimental points and 
the extrapolated lattice component K •. The Dchye and melting 
temperatures are 6 and ~IP. rcsllcclh.·cly. 
1 
! 
i 
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Model k 2:- ( 
----Combined tneoretical and empirical expressions 
k = kL + km 6.6.7 - 14 
kL= ~3; 95 x 10-5T + 3.38 x 10-8T2+ 1. 7 xlO-3») -1 
b 
+ Q. + 
eT = n i e (l e Jh ) 
19 = 0.782 - 3.9 x 10-4T 
86 21 T3/2 n i = 1. x 10 
b =jAe~h 
300K t. T {500K: 
JAh = 1.05 x 105 T-2 • 33 
500K t. T ~ 1200K: 
--"-"--~' 4.84 x 105 T-2 •4 I'e = 
106 T-2 •76 ~h = 1.56 x 
6.6.7 - 13. 
____ 6.6.5 - 32 
_ 4.61 x lO-13(n.)t T-t 
1. 
6.5.3 - 4 
6.5.2 - 1 
6.6.7 - 15 
6.6.5 - 33 
6.6.5 - 34 
6.6.5 - 35 
6.6.5 - 36 
Note that all the constants in the equations listed have been 
adjusted to express the quantities in S.l units rather than the 
mix resulting from deriving the data from a multitude of 
sources and retaining the authors' units in each case. The 
original equation labels have been retained to facilitate 
cross reference. 
- ~.-
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The units of the quantities are then:-
k, kL' k W/mK m 
{g eV 
n. 
1. 
m -3 
2 
r'.f"h 
m /Vs 
0"' (Sl.m)-l; S 
The values have to be computed in reverse order of listing; 
the bracketed equations have to be iterated because of the 
implicit relationship between t1 i and t g. 
Model k 2 a:- + ("'- 5% w.r.t. k 1) 
This full procedure may be acceptably shortened by noting that 
a considerable proportion of the work is in evaluating k , which 
m 
over most of the range is a small correction term. The precision 
required is therefore relaxed. 
For example, although f e and t h vary over the 2 full temperature 
range very considerably, the quantity b/(l + b) is a slowly 
varying quantity (Table 6.6.5 - 1). It may be expressed 
-5 _b~~2 = - 4.5 x 10 T + 0.215 
(1 + b) 6.6.7 - 16 
The conductivity ~ may be expressed:-
£nO"' = - 4120/T + 14.8 
er = exp(14.8 - 4120/T) 6.6.5 - 37 
Use of these two expressions would lead to a speedier evaluation 
of km. The worst errors occur around 300K, where it matters least 
due to the very small value of km at 300K. 
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Even more economical would be to treat k as a linear function 
m 
of T with a programme instruction to treat negative values as 
iero (see Fig.6.6.5 - 2) 
k = 1.17 x 10-2T - 7.21 
m 
6.6.7 - 17 
In TABLE 6.6.7 - 2, the full evaluations of the quantities 
discussed are compared with those derived from the empirical 
approximations 6.6.7 - 16 and 17 and 6.6.5 - 37. 
TABLE 6.6.7 - 2 
T b er k 
- b)2 (A m)-l 
m 
K (l + W/mk I 
full Equn.6.6.7-16 full Equn.6.6.5-37 full Equn6.6.7-17 
300 0.22 0.20 3.0 0 2.9 0 0.001 0 
400 0.20 0.20 9.0 1 9.0 1 0.03 0 
500 0.19 0.19 7.0 2 7.1 2 0.2 0 
600 0.19 0.19 3.0 3 2.8 3 0.6 0 
700 0.18 0.18 7.6 3 7.4 3 1.1 1.0 
800 0.18 0.18 1.6 4 1.6 4 2.1 2.1 
900 0.17 0.17 2.8 4 2.8 4 3.1 3.3 
1000 0.17 0.17 4.4 4 4.4 4 4.3 4.5 
ilOO 0.17 0.17 6.5 4 6.3 4 5.8 5.6 
1200 0.16 0.16 8.7 4 8.6 4 6.8 6.8 
As may be seen, the approximate empirical expressions perform 
well over the full temperature range. 
A very good model, ecoDomic in computer time may be obtained 
from:-
k = (equn 6.6.7 - 13) + (equn 6.6.7 - 17) 
k = { (3.95 x 10-5 T + 3.38 x 10-8 T2 + 1.7 x 10-3 ) } -1 + 
1.17 x 10-2T - 7.21 _6.6.7 
- - - -
- 18 
I 
1 
; , 
• j 
1 
i 
.;1. 
-, 
.1 
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This expression uses only the variable T. A comparison 
between equation 6.6.7 - 13 and the measured values is shown 
in the Table 6.6.7 - 3 
Table 6.6.7-3 
T 
dell: K . -
300 
400 
500 
600 
700 
800 
k(W!mK) 
measured 
60.0 
44.0 
33.8 
26.9 
21.9 
19.3 
900 - --17.7 
1000 17.1 
1100 16.9 
1200 17.3 
k(W!mK) 
e-'Lun6. 6,2 - 18 
60.3 
43.7 
33.4 
26.6 
22.8 
20.4 
- 18.8 
17.3 
17.3 
17.1 
Model k 3:- Piecewise linear approximation + (rv - 5% of k
meas
.) 
300 '0'20 H_P 
-rI<l'llP 
if!. -r 
Fig.6.6.7 - 6 
300K ~ T ~ 820K:- k = 6.3 x 104 T-1. 22 \ \.I/~ K 
820K ~ T (.1210K:- k = 17.56 _____ .6.6.7 - 19 
t 
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Model k 4:- Simple expression + (N _ 15% of k measured) 
~ 
k 
(~k) 
IS 
Fig.6.6.7 - 7 
300K<T (1210K:-
4 k = 1.8 x 10 /T ----~-- -~ W/mK _ -- -- 6.6.7 - 20 
The table 6.6.7 - 4 enables a comparison of the models to be made. 
Table 6.6.7 - 4 
Model Model Model Model Error 
k 1 k 2 k 3 k 4 % 
+ 5% + : 5% + 15% T ~ - ~ - 5% 
'" '" -
W.r.t. 
absolute of kl of k 1 of k 1 
deg K W/mK k2 k3 
300 60.0 60.3 59.9 60.0 +1 0 
400 44.0 43.7 42.0 45.0 -1 -5 
500 33.8 33.5 32.0 36.0 -1 -5 
600 26.9 27.1 25.7 30.0 +1 -5 
700 21.9 22.9 21.3 25.7 +5 -3 
800 19.3 20.3 18.1 22.5 +5 -6 
900 17.7 18.6 17.56 20.0 +5 -1 
1000 17.1 17.6 17.56 18.0 +3 +3 
noo 16.9 17.4 17.56 16.4 +3 +4 
1200 17.3 17.0 17.56 15.0 -2 +2 
In this section, empirical values of the thermal conductivity 
of germanium over the temperature range 300K - 1200K have been 
k 1 
k4 
0 
+2 
+6 
+12 
+17 
+17 
+13 
+5 
-3 
-13 
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extracted from the literature. Some models have been prepared 
which will generate k = k(T) to various levels of precision. The 
purpose of the models is to facilitate the numerical solution 
of thermal problems, in particular problems involving the 
"thermal runaway" 'of germanium through which laser radiation is 
passing. The choice of model used will involve the assessment 
of the required precision of k value at any temperature, and 
considerations of computer storeage and of computer time. Such 
assessment in relation to the present problem is to be made at 
the time of synthesis of the seperate problem parts, when a 
clearer picture of total computer requirement is available. 
i 
I 
J 
1 
! j 
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Section 6.7 Electrical conductivity 0' - O'(T). 
6.7.1 Introduction. 
The electrical conductivity is central to this problem. 
I:he 
The conductivity provideslmechanism which transfers energy 
from the laser beam into the semiconductor material. The 
conductivity is partially responsible for the re-distribution 
within the germanium crystal of the deposited heat energy. 
And it is the conductivity variation over the surface of 
the crystal which interacts with the laser beam in a fashion 
leadingto the self·reinforcing growth of the etalon damage 
patterns. 
To construct a description of these features, a mathematical 
model which reproduces the behaviour of the electrical 
conductivity ~ with temperature T is sought. Also the 
variation of ~ with optical frequency is examined to determine 
the relationship between the zero frequency conductivity~ , 
and corresponding value at the laser frequency 23.3THz. 
6.7.2 The theoretical background of ~ • 
Conductivity may be defined as the ratio of current density::r 
produced by a casual field t :-
J = er t 6.7.2 - 1 
But the current density I/A is given by:-
I = Anev 6.7.2 - 2 
for particles of number density n and charge e with an average 
drift velocity under the field of v. 
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For low values of D.C. field"t (~105 V/m for eermanium), the 
drift velocity is proportional to t :-
6.7.2 - 3 
where)-,- is the mobili ty. 
Combining these equations, we may write 
6.'1.2 - 4 
For mixed conduction by electrons (n/unit vol) and holes 
(p/unit vol) with mObilities~e and ;Uh respectively, 
()-' = nej.{e + -p er ... 6.7.2 - 5 
and for intrinsic material, n = p = ni' so 
CY = ni e ~+Yh ) 1 = n,eJAe (1 + b) 6.7.2 
where b 
=jelJA h 
The temperature dependence of the quantities on the R.H.S of 
equa tion 6.7.2 - 6 will lead to 0"'= 0"( T). Basic theory leads 
to a simple exponential relationship:-
n
i 
oC T3/2 exp( _ C g/2kT) 
T-312 
- 6 
Hence e><.f( - ~/zkT} 6.7.2 - 7 
The mobility dependence is based upon the assumption that 
the mobility is predominantly determined by acoustic phonon 
scattering. The ar~ument supporting the T-3/2 dependence 
will be outlined. 
Phonon scattering is isotropic; that is, there is an equal 
probability of motion in any direction after collision. 
This leads to the mobility in terms of the average time 
between collisions"t' :-
e ~e e ~h 
1'11" 
_ 6.7.2 - 3 
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where mn and mp are the effective masses of the electron and 
the hole respectively. The relaxation time1r may be different 
for the two carriers. In geeral,~ will depend on carrier 
velocity, and hence on carrier e"ergy €. and temperature T. 
The mean free path Q may be defined as the average distance 
covered by the carrier between scattering events. 
Therefore 
or in general:-
'1"'(v-) = .e (V-) / IY 
Now for a semiconductor with spherical constant energy 
surfaces it may be shown that the mean free path 1 due to 
6.7.2 - , 
scattering by the lattice vibrations is independent of the 
carrier velocity (ref.24, § 8.5). Thus,under these conditions 
, 6.7.2 - 10 
Writing the proportionality constant _ a, 
= Q £. 
-.IS. 6.7.2 - 11 
When using equation 6.7.2 8,~ must be averaged over the 
velocity distribution, to give (rr> . The required average, 
expressed in terms of the r function, was dealt with in 
section 6.6.5. the result was equation 6.6.5 - 22:-
3./;;ckT 
Using 6.7.2 - 9 and 11, and E = t~ ~~, substituting 
for a in 6.6.5 - 22 gives:-
1.. 
k T I 
6.6.5 - 22 
b.b.'1-12 
6.87 
Combining 6.7.2 - 12 with 6.7.2 - 8, and using the subscript 
L to indicate lattice dominance:-
4e R. 
3 ('Z :n: r<'?n k T) Y.z. __ 6.7.2 - 13 
The mean free path 1 is a function of temperature. The 
probability of scattering is proportional to the energy 
carried by the lattice displacement wave. For long acoustic 
waves the energy ~ kT. The scat tering cross-section 0;. is 
therefore~ T; whence the mean free path 1 for scattering 
by the longtitudinal acoustic modes is (ref.24, page 246):-
where A is constant 
6.'1.2 - 14 
The value of A has been calculated using a full wave mechanical 
treatment by W. Shockley and J. Bardeen. From equation 6.7.2 - 14 
it follows that dependence of the relaxation time ~ may be 
expressed:-
= 
6.7.2 - 15 
where a' is a constant. 
Returning to the temperature dependence Of~L' we see from 
equation 6.7.2 - 13 & 14; 
6.7.2 - 16 
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Therefore, under the restrictions of the argument, the 
-31 lattice mobility T. 2 dependence cancels with the density 
of states T3/2 dependence factor in ni to give an exponential 
dependence for the conductivity - as expressed in equation 6.7.2 - 7 
We shall compare .this expression for 0"' (which would be economic 
of computer time) against empirical values for 0' in section 
6.39 
6.7.3 Smoirical values of conductivity or 
Measured conductivity over the temperature range 300K-1200K 
has been extracted from the literature. The work of Morin and 
Maita (ref.lS) is used as a base reference. Measurements by 
other authors are'also included for comparison. 
A table 6.7.3 - 1 has been drawn up with values read from 
the published data; The graphs used are Figs.6.7.3 - 1 and 
2 (from refs. IS & 16). The precision is limited by the 
resolution possible on the rather small diagrams. 
Clearly, from inspection of the tables, it would be unwise 
to place better than N ! l~~ reliance on the data. One 
suspects that the data from refs 16 & 28 are essentially 
linear idealizations on the Log er vers.(l/T) axes. Morin 
and Maita's data are probably intrinsically better than 
10% (they do not actually say), but processing the data off 
the small graph degrades the data. 
To aid the process of reading out Morin & Maita's graph, 
some of the most easily estimated points were tabulated 
(Table 6.7.3 - 2) and using these the three enlarged graphs 
were made (Figs. 6.7.3 - 3, 4 and 5). To some extent, the 
process resembles the improvement of a signal-to-noise ratio 
by utilising the regular properties of the signal. The conductivity 
+ values so obtained are probably good totv - 10% absolute, 
and greater weight is attached here to these values. 
To take the data into the just melted range, Domenicali's 
values (ref.36) are used, which "marry" to M & M 's value 
at 1200K quite well. 
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Table 6.7.3 - 1 
T Morin Beers I G1assbrenner Domenica1i 
Maita Cody et a1 Slack 
deg K er (Sl rfl )-1 
300 2.2 0 
400 8.6 1 9.0 1 
500 7.5 2 6.8 2 
600 2.9 3 2.9 3 3.0 3 
700 7.9 3 7.5 3 
800 1.7 4 1.8 4 1.6 4 
900 2.8 4 
1000 4.4 4 4.5 4 4.4 4 
1100 6.1 4 
1200 8.2 4 9.6 4 8.7 4 
M.P.Solid 8.3 4 
M.P.Liquid 1.6 6 
The electrical conductivities of Gc, Si and Ge-Si alloys as functions of temperature. 
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Table 6.7.3 - 2 
liT 0'"' liT (j' 'IT er 
(1O-~-1) (.st. c.1'f\ r' 
35.0 1.0 -2 25.8 6.0 -1 16.0 4.0 
33.5 2.0 -2 24.8 1.0 0 13.7 1.0 
32.0 4.0 -2 23.0 2.0 0 12.0 2.0 
29.7 1.0 -1 21.5 4.0 0 10.2 4.0 
28.2 2.0 -1 19.1 1.0 1 
26.8 4.0 -1 17.5 2.0 1 
6.7.4 Computer models for ~ 
The three basic approaches l. 
1) "look up" table 
2) Sequence of equations base on theory/measurement mix. 
3) Linear regression on Log 0" - liT axes of empirical data. 
We shall refer to these as model 0'1,0"2,0"3. 
Model eT 1 
Compile from table 6.7.3 - 1 
Estimated precision ! 10%. 
Model 0' 2 
(
ni = 
Eg = 
__ 6.7.2 
6.5.2 
1O-13(n.)t T-t 
1 . 
-
-
1 
2 
2 
2 
6 
1 
6.5.3 - 4 
300K , T , 500K: 
fe = 
4.90 x 103 T- l • 66 
----
6.6.5 - 33 
105 T-2•33 
,fth = 1.05 x 6.6.5 - 34 
i 
1 ; 
·1 
o g o ,j\ 
8 
6.92 
.. - - ~ - -
~-~----
105 , 
" ,
10" 
, 
, 
, 
10 3 , 
• 
10' , 
" 
• 
• 
J 
100 
6.93 
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500K < T ~ 1200K : 
~e = 4.84 x 105 T-2 •4 _6.6.5 - 35 
)"h = 1.56 x 10
6 T-2 •76 
-
-
-
6.6.5 - 36 
The equations are computed in reverse order. The braced 
pair are iterated. 
Model 0' 3 
Referring to the graphs (Figs.6.7.3 - 2,3,4,5), they are 
visually very close to a straight line. A very good fit is 
0' = 2.68 x 106 exp( -4120/T) _ ._ .6.6.5 - 37 
These three models are tabulated in Table 6.7.3 - 3 
Table 6.7.3 - 3. 
T CT'1 0'2 0'3 Error 
(.5t ", )-1 (.Jlm)-l )-1 '1'. degK ( SLm w.r.t crl 
.0" 2 0-3 
300 2.2 0 ·2.2 0 2.9 0 0 + 32 
400 8.6 1 8.9 1 9.0 1 + 4 + 5 
500 7.5 2 8.2 2 7.1 2 + 9 - 5 
600 2.9 3 3.2 3 2.8 3 + 10 - 3 
700 7.9 3 8.4 3 7.4 3 + 6 - 7 
800 1.7 4 1.7 4 1.6 4 0 - 6 
900 2.8 4 3.0 4 2.8 4 + 7 0 
1000 4.4 4 4.7 4 4.4 4 + 6 0 
1100 6.1 4 6.7 4 6.3 4 + 10 + 3 
1200 8.2 4 9.0 4 8.6 4 + 10 + 5 
-------------
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Conclusions 
As before, an expression is consid·ered more "economic" than 
a "look up" table (with subroutine for interpolation if thought 
necessary) • 
Although model 0'3 is attractive because of its simplicity, 
difficulties are encountered due to the log (and reciprocal) 
scales required for linear relationship. A very small shift of 
the line used results in substantial changes in 0', especially 
at the extremes of range. This is illustrated in the sketch 
Fig. 6.7.3 - 6. The line K 
T 
fit will give values too 
high at 300K and 
l200K. 
Fig. 6.7.3 - 6. 
This is likely to be a serious defiency for the present 
purpose. Whether or not the radiation produces runaway is 
likely to be very sensitive to a' (which determines ol. the 
coefficient of absorption) over the lower temperature range 
300K - 350K). Once runaway is established, change is so rapid 
that the solution of the model should be relatively insensitive 
to error in 0'. 
The proper policy then should be to reproduce a'= o'(T) as 
closely as possible between 300K-400K; from 400K-1200K, a 
progressively relaxed precision would be satisfactory. 
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The physical ,nodel 0'2 offers no advantage in precision, and 
is uneconomic of computing time. Its value lies in the insights 
provided, which point toward the class of relationship between 
~and T most likely to yield results. A piecewise model based 
on the model cr3 ~pproach is the most useful here, and will be 
adopted. 
Model er 3A. 
300K ~ T ~ 400K: -
~ = 5.66 x 106 exp(-4439/T) 
400K < T{1200K:-
6.7.3 - 1 
er = 2.68 x 106 exp(-4120/T) 
0- given in (Am )-1. 
6.6.5 - 37 
Equation 6.7.3 - 1 is compared with values from graph Fig.6.7.3 - 4 
in table 6.7.3 - 4 
Table 6.7.3 - 4 
T 0- (graph) er 3A T er (graph) er 3A 
K ( Stm )-1 K ( Jt.1Tl )-1 
260 2.2 -1 350 1.80 1 1.76 1 
270 4.1 -1 360 2.55 1 2.50 1 
280 7.38 -1 370 3.60 1 3.49 1 
290 1.25 0 1.27 0 380 4.90 1 4.78 1 
300 2.15 0 2.12 0 390 6.40 1 6.45 1 
310 3.50 0 3.42 0 400 8.50 1 8.58 1 
320 5.60 0 5.35 0 410 1.10 2 1.12 2 
330 8.60 0 8.15 0 420 1.40 2 1.46 2 
340 1.27 1 1.21 1 430 1.80 2 1.86 2 
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6.7.5 Conductivity at the laser frequency. 
The electrical conductivity is a function of frequency. 
As the frequency of the electric field becomes comparable 
with the carrier collision time"Y , a number of effects become 
apparant. The tra.nsfer of energy from the driving field to 
the material lattice becomes less effective, and the current 
lags in phase. 
At low frequencies (meaning those for which the cycle time »'L'), 
the carrier scattering is able to hold the particle current 
in phase with the driving field. For germanium, "(",. 10-12 5 , 
so that low frequencies are those below '::!lOlOHz =" 10GHz. 
These frequencies may be regarded (from the point of view of 
the carriers) as pseudo - D.C. The normal D.C. conductivity 
~ is the appropriate parameter. 
At high frequencies, the scattering events over a cycle time 
are rare, and the carrier behaviour resembles the free space 
behaviour. That is, the particle velocity (and hence the 
current) lags the field t in phase by an angle tending 
toward 900 • A significant quadrature component exists for 
frequencies above ~ 10GHz for germanium ( if 1:' = 10-12s ). 
There can exist circumstances when, at a certain frequency, 
the lagging quadrature component of current is exactly equal 
in magnitude to the leading quadrature component (displacement 
current). The condition of the material at this frequency 
might be referred to as "material resonance". An electromagnetic 
wave can travel from free space into the material without change 
" . 
6. 'J'3 
i.e. the refractive index is equal to unity. The critical 
frequency is normally called the "plasma frequency". 
The plasma frequency is of interest in this problem, since 
it could assist the thermal runaway of the germanium by 
"letting in" stronger fields as the material temperature 
rose. When the incident laser beam heats the etalon, the 
carrier density increases with temperature, the refractive 
index falls, with consequently less reflection, allowing 
more of the incident field into the material to further heat 
it. Approach toward the plasma frequency could be a powerfu~ 
mechanism to deposit energy into the material at the interface 
very rapidly once runaway had been established. A later 
section deals with this possibility in more detail. 
To establish some of the points so far made more quantitatively, 
we follow the argument presented by Kruse (ref.}? page 125f.f.). 
Consider the equation of mot.ion for a free carrier (charge q) 
having an effective mass m , driven by a sinusoidally 
e 
varying electric field t of radian frequency w: 
where \r is the average carrier velocity. 
6.7.5 - 1 
The factor in braces is the net rate of change of momentum, 
to which there are two contributions. The one is the rate of 
gain of momentum from the field the other is the rate 
of loss of momentum by scattering. 
_._.- ------------
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On the assumption that the rate of loss is proportional to the 
net momentum, the latter term may be written:-
__ 6.7.5 - 2 
which describes the time rate of decay of momentum from an 
initial value ( me L>- )0' The constant 1:: may be identified with 
the time between collisions (ref.13 page 100) providing the 
scattering is isotropic (predominantly due to phonons). In the 
context of equn.6.7.5 - 2,1r may be regarded as the characteristic 
time required for the carriers to aquire a new equlibrium 
velocity distribution. The momentum loss rate may therefore 
be written: 
6.7.5 - 3 
The gain of momentum from the field will simply be expressed 
as: 
rate of gain of momentum = 
I 
I 6.7.5 - 4 
= ,-- .-
substituting the elements 6.7.5 - 3 & 4 back into 6.7.5 - 2; 
dv- ~ 0') =. - - --
clt . ~ 
The solution of this equation is 
'l to L (5il\~t -&.)"rCOSl.lt) 
me (I + (..)2. 't') 
6.7.5 - 5 
6.7.5 - 6 
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Note that the first term on the R.H.S represents the in-phase 
drift velocity (current). The.velocity V is "held" in phase 
by the scattering, and provides the energy transfer mechanism 
between the radiation and the material. The second term 
represents the phase lagging quadrature term. The current 
flow represented by this term may be regarded as inductive., 
and tending to cancel the capacitative displacement current 
of the material. It is a non-dissipative term. 
Writing 
~* ,.Jl. _" 
V :V·_Jv for the complex conductivity, 
er*' = nq.. IJ/C 
= flq.. (i't/(rne 1+ 
= no,. (ft' - J JAil) 
,. . . 
. wher'l"'-* =)-'- -JjA" is introduced 
The dissipative component is: 
I 
r = 
= /"0 
6.7.5 - 7 
as the complex mobility • 
I 
1- _ ~ __ 6.7.5 - 8 
Wherjo is the ordinary D~C. mobility. 
The "inductive" mObilit y/" is given 
J.>-" = er 'r W~ 
/ /TIe (I + W'J.-r. 1 ) 
by: 
= 
.-. -- _. - ... - 6.7.5 - 9 
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There are several ~ays of presenting graphically the 
information in equations 6.7.5 - 3 ~ 9. The particular 
interest is in the behaviour of Ge at the CO2 frequency 
28.3 THz Cw = 1.73 x 1014 rad/s.). The value of 1:: changes 
as the Ge temperature rises, so we look for a "universal" 
plot, in terms of which the W scale can be interpreted 
given a value of Y . 
We write x =...,1::, and note that:-
where ~ is the D.C. conductivity. 
6.7.5 - 10 
6.7.5 - 11 
The two factors de terming in-phase and quadrature components 
are plotted 
a) on linear scales over a restricted range (Fig.6.7.5 - 1) 
b) on logarithmic scales (Fig.6.7.5 - 2) 
c' on an Argand or Bode type presentation (Fig.6.7.5 - 3) 
The data, and the Figs.6.7.5 - 1,2,3 show that the quadrature 
conductivity reaches a peak of t~ when ~~ = 1; and that the 
change from in-phase current to quadrature current is 
confined to - 2 decades in w"L • 
1 
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Table 6.7. 5 - 2 
T )"'e (-r) ..Ph <"Oh e 
2 2 K m / Vs S III / Vs s 
300 0.38 3 - 13 0.18 4.0 -13 
600 0.1 7 - 14 0.03 6.3 "':14 
1000 0.03 2.1 
- 14 0.008 1.7 -14 
1200 0.02 1.4 - 14 0.005 1.0 -14 
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The data for the plots is tabulated in Table 6.7.5 - 1:-
Table 6.7.5 - 1 
U)~ <~> 1 x Angle of - x (1 + X 2) + x2 ) 
t..) = 1. 73 x 1014 5- 1 (l phase lag 
s in phase quadrature degrees 
0.01 6.0 
- 17 1.0 0.01 0.6 
0.1 6.0 - 16 0.99 0.1 6 
0.5 2.8 - 15 0.3 0.4 27 
0.6 3.4 - 15 0.74 0.44 30 
0.7 3.9 - 15 0.67 0.47 35 
0.8 4.5 - 15 0.61 0.49 39 
0.9 5.1 - 15 0.55 0.50 42 
1.0 6.0 
- 15 0.50 0.50 45 
2.0 1.1 - 14 0.20 0.40 63 
3.0 1.7 - 14 0.10 0.30 72 
4.0 2.2 - 14 0.06 0.24 76 
5.0 2.8 - 14 0.04 0.19 79 
10 6.0 - 14 0.01 0.10 84 
100 6.0 
- 13 0.0001 0.01 89.4 
1000 6.0 
- 12 10-6 0.001 39.9 
That Fig. 6.7.5 - 3 is a semi-circle needs to be demonstrated. 
In the auxiliary diagram Fig. 6.7.5 - 4. if the figure is a 
semi-circle. then L ACB is a right angle (angle in a semicircle). 
I t follows tha t 
LCAD = LDCB "P 
But tan r may be 
expressed in two 
A D B 
ways; one from 
~ADC and the other 
from .6::DB. 
o·s 
o 
, 
, 
, 
c,. , t·o 
x. 
I I .. x· / 
, 
\ I / 
, 11)" 
\ I • 
C 
Fig.6.7.5 - 4 
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From "&DC, tanf = x = x 
1 
From 6CDB, tanf t- 1 .,J/~," x2~ = (l + 
1 2 (l + x 2 ) = + x - 1 • 
( 1 + x 2 ) x 
= x 
Therefore L CAD does equal L DCB; LACB = II'~ , and the 
figure is a semi-circle. 
To interpret the diagram in terms of germanium, the value of 
1C , and its behaviour with T is required. 
Equation 6.7.2 - 8 is recalled:-
el' 
6.7.5 - 12 
where the subscripts c refer to conductivity, i.e~mc is the 
conductivity effective mass of the carrier concerned. 
For a semiconductor with ellipsoidal constant energy surfaces 
in the conduction band (such as germanium), mc is given 
(by re f. 24 page 104):-
1 1 (1 2) -+-;i. "mT =-3 6.7.5 - 13 
Where mt ' mT are the longtitudinal and transverse effective 
masses respectively. This gives a value somewhat different from 
the density of states effective mass previously used. For 
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electrons in germanium, 
mt = 1.538 mo 
which gives 
where mo is the free electron mass. 
For holes 
The equation 6.7.5 - 12 is derived under the assumption that ~ 
is not a function of carrier energy. For germanium, since the 
mean free path f is independent of energy, it follows that 
1C = a£ -t (see equation 6.7.2 _ 11). 
In this case (ref.25 page 46), 
6.7.5 - 14 
where k is the electron wave number, with 't' and (" )representing 
a statistical average •. 
The mobility may be formally written 
e ("r) 
where<~>is an equivalent relaxation time, not equal to 1r. 
It can be shown that for a non-degenerate spherical band 
"V .y -$ 
where ~varies with energy as ~ = a€ ,then:-
I(~ -5) 
r(S/Z) 
where k is here Boltzmann's constant, and riS 
function. (see section 6.6.5). 
.. _. __ 6.7.5 - 16 
the Gamma 
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To find values of equivalent relaxation time <:IC~, the 
values of mobility in Table 6.6.5 - 1 are used in equation 
6.7.5 - 15, and the values tabulated in Table 6.7.5 - 2. 
Smith quotes a .figure of 1:' = 6 x 10-13s (ref. 24 page 101) 
with a value of 0.3 for the effective mass. Both the concept 
of(1t>and of mc leave some considerable uncertainty as to 
the numerical value that should be assigned to them. Two of 
the difficulties will be mentioned; the first is that the 
effective mass mc is measured usually in a cyclotron experiment 
which implies a material temperature of ~ 4 K and mc is 
temperature dependent. The other is that germanium has 
multiple valance bands giving rise to light holes, heavy holes 
and split-off holes, each with a characteristic effective mass. 
, 
The value of conductivity mass;used in equation 6;7.5 - 15 
is therefore an average. Further no allowance for the 
variation of mc with temperatur.e can be made in calculating (1r). 
It follows that the values for(1)in Table 6.7.5 - 2 are indicative 
rather than precise. 
But it is quite clear from figure 6.7.5 - 3 that the 
conductivity in germanium at 2~.3THz is essentially in 
, 
, 
I quadrature lagging the driving ;field. 
A numerical value for(-r)has been established for the 
temperature range of interest. Now t.he laser frequency 
conductivity as determined by the theoretical expressions, 
and the experimental values of D.G conductivity ~ will be 
tabulated. Values of ~ are tak.en. from Table 6.7.3 - 3. 
I 
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effective mass; electron mc = 0.12 mo 
Table 6.7.5 - 3 
T ('t) 1 2 cr' x 2 er" 0; 1 + x 1 + x 
K 10-145 ( 5l. fTl)-l in phase en m)-l quadrature j(st m)-l 
300 30 2.2 0 4.7 - 4 1.0 -3 2.2 -2 4.8 - 2 
400 20 8.6 1 1.3 -.3 1.1 -1 3.6 -2 3.1 
500 10 7.5 2 2.6 - 3 2.0 0 5.1 -2 3.9 
600 7 2.9 3 7.0 - 3 2.0 1 8.3 -2 2.4 
700 5 7.9 3 1.4 - 2 1.2 2 1.2 -1 9.3 
800 3 1.7 4 2.8 - 2 4.7 2 1.6 -1 2.8 , 
900 3 2.3 4 4.5 - 2 1.3 3 2.1 -1 5.8 
1000 2 4.4 4 7.0 - 2 3.1 3 2.6 -1 1.1 
1100 2 6.1 4 1.1 - 1 6.9 3 3.2 -1 1.9 
1200 1 8.2 4 1.6 - 1 1.3 4 3.7 -1 3.0 
1210 1 8.3 4 1.7 - 1 1.4 4 3.7 -1 3.1 
It must be remembered that the conductivity ~ is the sum of 
electron and hole conductivities (~+ ~~). At any temperature, 
if the relaxation time ('t')e is different from that of <1:') h' 
I 
the seperate high frequency ratios a' I ero and a'''/cr., will have 
to be calculated for both electrons and holes, in order to 
" ..., 
arrive at the correct sum terms ( o-'e + CT'h) and ( ~ + err'> for 
the high frequency conductivity. But looking at the values 
for <:1(~ and <:~:>h in Table 6.7.5 - 2, there is insufficient 
eVidence of widely different«-r) values; certainly the case for 
0 
1 
2 
2 
3 
3 
4 
4 
4 
4 
J 
the more lengthy procedure cannot be justified. The ~ term 
is tr~ated therefore as a single entity in calculating the 
entries for Table 6.7.5 - 3. 
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Note as the temperature rises toward the melting point of 
germanium, the change in<:~>produces approximately a 360 fold 
increase in the ratio of high frequency (in-phase) conductivity 
to D.e. conductivity over the range 300K - 1200K. The D.e. 
conductivity at, changes by a factor of,." 4 x 104 over the 
same temperature range; it follows that the high frequency 
conductivity changes in the ratto 4 x 104 x 360 = 1.4 x 107 - 107 
i.e. about a ten million to one increase over the temperature 
range. 
It is worth considering the physical significance of that 
result. Is it a reasonable conclusion that as the· temperature 
of the germanium increases from 300K - 1200K, the D.e. 
conductivity increases by 4 x 104 times, while the infra-red 
conductivity increases more than 107 times? This, when<:~>is 
decreasing with a stronger than T-3/2 dependence? 
It ~ a reasonable conclusion. The reducing value of (1.') pulls 
the driven current more into phase, so that a greater proportion 
of the carrier K.E. is transferred to the lattice. The reduction 
in at, brought about by decreasing <'1:') is far outweighed by 
the increase in ~due to increasing Di (as always in 
semiconductors). Therefore, at the I.R. frequency, taking a 
, 
higher proportion of the ni increasedcro leads to d..cr /dT 
being considerably larger than dcro /dT. 
This result is of considerable significance. It means that the 
runaway condition can occur at lower beam intensities than would 
otherWise have been expected. 
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,.J' Section 6.7.6 Comoutational model for I.R. conductivity u 
The previous section has established the calculated 
• • 
behaviour 0 f 0' = a" (T) based on measured D. C. conduc ti vi ty 
<r., = crc (T), and estimates of <~> using extrapolations of 
. , ? = yeT). The I.R. conductivity d is required as a step 
toward the coefficient of absorption 0(= of:.. (T), and then to 
the internal heat source, ~y = ~ ... (T) of equation 6.3 - 4'. 
As before, a computational model may be based on the physics 
by retracing at any prescribed temperature the steps outlined 
over the last few sections. 
Previously, it has been possible to find an expression through 
a process of being guided to the required form by the theory, 
and fitting the empirical results as closely as possible to 
this. This will be done again. 
The final expression(s) will be two or three steps beyond 
, 
the nearest empirical results, since values of ~(measured) 
are not available. In the chain of steps from o:,to 0"" are 
mObilit~cand effective mass mc,both of which are inferred 
quantities. Consequently the absolute precision is less certain. 
The effective mass value could be up to a factor of ~5 in 
error over the temperature range. This will be directly 
reflected in<1!>. Reference to Fig.6.7.5 - 3 and to Table 
6.7.5 - 1 shows that an estimate Of<Ir)= 1 x 10-14s instead 
-14 ' of (say) 6 x 10 s,would in ~ be a 20 : 1 error. When 
<'t') ~ 10-12s , an order of magnitude e'rror in ('1:')woUld 
give rise to two orders of magnitude error in , 0"" • 
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, 
The LR. conductivity value r:y'is sensitive to(r)as l!<~) 2. 
The temperature dependence of 0' 'should be reasonably well 
represented by the models. 
The point has been made before that the models should be 
at their best over the temperature range 270K - 350K, since 
whether a given circumstance is a "runaway" condition or not 
will be decided by the physical parameters over this temperature 
range. Consequently the physical model described in section 
6.7.5 is evaluated over the restricted temperature range and 
tabulated in Table 6.7.6 - 1 as a guide for model performance. 
Table 6.7.6 - 1 
<'L) 
1 , x T cro* I"""+x2 CY I+x2 0"' " 
K (10-13s ) (Sl..I'Il) -1 (10-4 ) (Am) -1 (10-2 ) j(stm)-l 
260 3.3 0.22 2.9 6.4 -5 1.7 3.7 - 3 
270 3.1 0.41 3.3 1.4 -4 1.8 7.5 - 3 
280 2.9 0.73 3.8 2.3 -4 1.9 1.11 - 2 
290 2.7 1.3 4.2 5.4 -4 2.1 2.6 - 2 
300 2.6 2.12 4.7 1.0 -3 2.2 4.6 - 2 
310 2.5 3.4 5.3 1.8 -3 2.3 7.9 - 2 
320 2.3 5.4 5.9 3.1 -3 2.4 1.3 - 1 
330 2.2 8.2 6.5 5.3 -3 2.5 2.1 - 1 
340 2.1 12 7.2 8.7 -3 2.7 3.2 - 1 
350 2.0 18 7.9 1.4 -2 2.8 4.9 - 1 
360 1.9 25 8.7 2.2 -2 2.9 7.4 - 1 
370 1.8 35 9.5 3.3 -2 3.1 1.1 0 
380 1.7 48 10 o 5.0 -2 3.2 1.5 0 
390 1.7 65 11 7.3 -2 3.4 2.2 0 
400 1.6 86 12 1.1 -1 3.5 3.0 0 
*Represented by expression 6.7.3 - 1 = 5.66 x 106 exp(-4439!T). 
, 
To guide the search for a func tion to represen t er. follow 
through the temperature dependence of the physical model. 
T -b 
er.: cC -ex.? (- C/T) 
~' cC (1/T-bJ e.,,? (- C IT') 
(j" cC T2b e"p (- e/T) 
Over this range b = 1.66, and it is reasonable to expect 
the exp(_C!T) term to dominate. Dropping the T2b dependence 
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6.7.6 - 1 
6.7.6 - 2 
, 
introduces (a max ~ 10%) deviation from the tabulated er values 
in such a direction as to tend to compensate the deviations 
from empirical values introduced by the idealizat~on tor 00 
equation 6.7.3 - 1. Therefore equation 6.7.6 - 3 below can 
~ 
be used to represent oJ over the range 260K- 430K. 
~, 5 
v = 1.09 x 10 exp(-5543!T) 
-!tOOl< 
2b At the price of slightly increased complexity, the T term 
may be retained. As this embraces the physical model from 
which Table 6.7.6 - 1 is prepared, the agreement is exact:-
, 
~ -500K = 1.555 x 10-5 T3 •32 exp(-4428!T) 
6.7.6 - 3 
6.7.6 - 4 
The range is limited to 500K, because the mobility dependence 
moves over -2 4 to aT' dependence above 500K (equn. 6.6.5 - 35). 
Therefore, 
, 
6.7.6 - 5 
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Although the T4 •8 dependence is that of the upper temperature 
range, the expression has been made to serve the lower range 
(300K-400K) to better than 5% divergence from the tabulated 
, 
values. It therefore reproduces the whole range of ~ very 
satisfactorily. 
Equation 6.7.6 -5 is the preferred expression for reproducing 
, 
er (300K-1210K). 
, 
Since the coefficient of absorption is directly related to ~ , 
and since the unstable condition of runaway is determined by a 
number of factors', one of which is (oC 
useful to have an expression capable of reproducing 
, 
d<>,'/dT = dO'/dT{T). 
To obtain the expression, the differences tJ. a" over 10 degree 
increments were tabulated using Table 6.7.6 - 1 values. These 
were then fitted to the expression below. To guide the search, 
the analysis below was used. To' fit the values well for 
300K-400K is considered important, because of the solution 
sensitivity here. 
In general:-
, 
er = AT2b exp{-C/T) 
where A & C are constants. 
6.7.6 - 7 
'discussed in more detail i~ subsequent sections. 
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The power b is 1.66'below 500K; call it 1.5 for convenience, 
and:-
= A [31'2 + CT3~J exp(_C/T) dO" dT 
= AT3/2[3R+ c] exp (_C/T) 
at 400K, 3 -IT= 60, while C"'5000. 
___ 6.7.6-8' 
dO" 
dT 
As usual, it is worth trying the straight forward exponent,at 
relationship: An exellent reproduction is obtained (300K-400K) 
with:-
dO" = 855 exp(-4931/T). 
dT 
6.7.6 - 9 
At the higher temperatures this expression is expected to 
serve, since solution sensitivity to dcr'/d T ls expected to 
be very weak. 
Expression 6.7.6 - 9 will be used to reproduce dO" /dT. 
Confidence in the expression over the range 300K-400K is 
-- . 
the same as that for'the cr'[ expression. 
I 
,j 
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Section 7 Electromagnetic wave nronaGation. 
7.1 Introduction. 
The aim of this work is to set up a computer model which 
describes the heating of a specimen of germanium by a beam of I.R. 
radiation at the CO 2 laser frequency. 
The beam passes from free space (in fact gas at atmospheric 
pressure) into the germanium, involving reflection and 
transmission at the interface. Once in, the beam is absorbed 
with a consequent reduction of intensity along its path. 
Given an incident intensity, I , a detailed knowledge of the 
o 
intensity I along the beam path (co-ordinate z) is required. 
The relationships between the parameters describing e-m Wave 
propagation, and the material parameters are required. In 
a semiconductor, the parameters of interest change rapidly 
with temperature, and so it is expected that the optical 
parameters of the problem will vary over a wide range. 
In section 7, these relationships are described. 
As well as radiation passing through the germanium specimen, 
it is of interest to investigate the possibility of surface 
waves being stimulated and supported in the interface. The 
temperature range of interest (300K-1200K) covers a wide 
range of magnitudes in the parameters of interest, so that 
the details concerning surface waves may also cover a 
variety of conditions. These will be examined. 
The work of this section is based firmly in Moss et al 1973, 
Smith (2ndEdn) 1978, Kruse 1962, and ~aldron 1970 
(refs.40,24,37,38).The books concern visible,I2, and 
microwave radiation. There is a large area of common ground 
between microwave specialists and optical/I.R. specialists. 
The Common ground in sYmbol usage is much less obvious; in 
fact, it is a minefield. So much so, this author has decided 
to devote the next section 7.2 to listing the symbols used 
in section 7, at least those where different usages are 
7.2 
most prevalent. The approach of optimum value in the present 
problem has been adopted; the best has been distilled from the 
sources mentioned, and combined with some ideas of the author. 
Maximum clarity with maximum precision has been sought. 
The text is intended to be to the point rather than comprehensjve 
in its coverage. The aspects required for this problem are noted; 
adjacent and lead-in topics are omitted. 
'1.3 
7.2 Symbol assignment. 
Because of the variety of usaBe in the literature, and the need 
to use symbols for more than one entity, the meaning of symbols 
used in section 7 are detailed here for easy reference. 
Quadrature operator ( ~ ) 
In free space; velocity, wavelength 
In material; velocity, complex velocity, wavelength 
Electric field; instantaneous, peak 
Electric induction (usual) 
Generalised electric induction (complex) 
Electric dipole moment per unit vol. 
Electric susceptibility 
Electric permittivity;absolute,relative,free space 
Generalised relative permittivity (complex) 
Magnetic field 
Magnetic induction 
Magnetic permeability;absolute,relative,free space 
Current density 
Conductivity at zero frequency 
Conductivity (complex) at frequency of interest 
j 
Co' >'0 
C, C',).. 
E, Eo 
Du 
D 
P 
X. 
E..E:.. ,r:: .. , E:o 
E. = f.' -j £" 
H 
B 
J"?"'Y'j"c 
J 
0-;, 
a' 6 er '- }O". 
Charge; general, electronic, density of q, e, f 
Mass: free electron,effective conductivity,electron,hole mo,me,m h 
Carrier relaxation time; simple, averaged '1:', <L) 
Number density; electrons, holes, intrinsic Ne,Nh,n i 
Energy dissipation constant g 
Wave propagation; direction, constant (complex) 
Frequency; radian ,normal 
Generalised refractive index(complex) 
Refractive index 
Absorption constant (amplitude) 
Extinction coefficient (amplitude) 
Coefficient of absorption (power) 
Reflection; power, amplitude 
Transmission; power, amplitude 
Time (distinguished by context) 
Radiation intensity; local, incident 
z, I 
w, ~ 
n* = n-jk 
n 
k 
K 
cC 
R, r 
T, t 
t 
Time differential operator for monochromatic disturbance j~ 
Conduc ti vi ty mobili ty at zero frequency; elec trons,holes ! e ,t h 
Section 7.3 Electromagnetic waves. 
This problem requires that the interaction between e-m 
radiation at y = 23. 3THz and germanium at various temperatures 
be characterized •. The material properties, particularly free 
carrier density ni,are a fast function of temperature, and 
it may be expected that the optical properties change, also 
as a rapid function of temperature. 
Germanium, particularly at elevated temperatures, may be 
classed optically as a lossy semiconductor. That is, both the 
lattice and the free carriers play a significant role in 
'0 determ~ng the optical properties. The material lies optically 
A. 
between a loss free dielectric and the case of a metal. The 
theory describing these two cases is therefore inadequate 
for the present case. 
We shall develop a generalised theory which, by extending 
the meanings of relative permittivity, conductivity, and 
electric induction, enables Maxwell's equations, as 
simplified for a loss free dielectric, to be retained. The 
plane wave standard solution is also retained. The mathe~atical 
formalism is retained, and looks familiar, but the extended 
symbolic meaning has to be continually borne in mind during 
interpretation. 
First, the extended meanings of terms will be described and 
explained. It will then be shown that the Maxwell equations 
are still true using the generalised quantities. The standard 
7.5 
plane wave solution is presented, followed by a statement 
of relationships that derive from the wider interpretation 
and which concern attenuation of the wave by the material. 
7.3.1 Generalised D and £ . 
Using Du to repre?ent the electric induction with the ~sual 
meaning, and EL to represent the relative permittivity 
with the usual meaning, then:-
Du = I;. LEo E __ 
The subscript L has been appended to £ to indicate that E-L 
is a parameter which describes the behaviour of the bound 
1.3.1 - 1 
electrons in the material, predominantly the valence electrons. 
The bound electron contribution is frequently referred to as the 
kattice contribution. 
The paralneter E.L contains information about the displacement 
from an equilibrium position of the bound charges in response 
to an applied field E. The sequence of relationships below 
confirm the point:-
7.3.1 - 2 
P is clearly a direct function of bound charge displacement. 
Du is defined as:-
If we write:-
=t£E+P 
o 
7.3.1 - 3 
7.3.1 - 4 
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then 
7.3.1 - 1 
so that both €. L and Du are parameters defined to take 
account of the displacement of bound charges from an 
equilibrium position by an electric field. 
These quantities are defined in terms of static fields. We 
Wish to treat alternating fields. The most convenient time 
dependence to consider is e" p j.., t. In optical terms that 
corresponds to a monochromatic signal. It is sufficiently 
general, since any time dependence may be represented by a 
Fourier series of similar terms. 
If the bound electrons are driven by an alternating field 
E = E e" pj..,t, the charge displacement will be in phase 
o 
with E for low frequencies'. But at higher frequencies a 
quadrature component will become evident lagging the field E. 
Then€.L properly requires the in-phase and the quadrature 
terms:-
I " 
= EL - j € L 
There is no reason to consider only bound charges. Driven 
7.3.1 - 5 
by an alternating field, the "free" carrier gas will execute 
a net simple harmonic motion about an equilibrium charge 
distribution. In this case, for low frequencies, the drift 
velocity is in phase with E, so that the displacement lags E. 
We show later that this may be taken into account by adding 
(-j O"/wE.) to the relative permittivity:-
€. - € - jU'!.'E 
- L W 0 7.3.1 - 6 
The conductivity as normally understood is the ratio J/E, 
both in phase. The carrier scattering ensures that the 
carrier drift velocity (hence J) is in phase with E, provided 
there are a large number of scattering events per cycle of 
fisld alter~ation. For frequencies aporoaching optical 
. . 
frequencies (N 1015HZ), this limitation no longer holds, 
since <'l:')"'10-13s typically. Scattering events during a cycle 
time are rare. The carrier response to the driving field then 
resembles the free space behaviour, for which the acceleration 
is in phase with E. The velocity (hence J) then lags E by 900 • 
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Account may be taken of this by defining a complex conductivit~:-
I. " 
er' = J/E = 0' -Jo-' . 7.3.1 - 7 
which takes account of the phase of J with respect to E. 
I 11 
Only et is dissipative,d may be described as inductive. 
Now an electric induction D, and a relative permittivity 
may be defined which takes account of all the foregoing 
points. Using equations 7.3 - 5 and 7.3 - 7 in 7.3 - 6:-
€ 7.3.1 - 6 
7.3.1 - 8 
and 
D=E:E:eE 7.3.1 - 1 
7.3.1 - 9 
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The reader will note the use of symbols. The deliberate 
decision ~as made to use the traditional quantity symbol with 
a generalised meaning. The attentive reader s~Duld not .encounter 
difficulty - a constant awareness of the bound - and free -
electron (hole) contribution, both in-phase and in-quadrature, 
is all that is required. 
The symbol usage keeps subscripts and ·'s to a minimum, 
maintaining a simple uncluttered appearance. The overwhelming 
beauty of describing the. intricate complexity of the e-m wave 
interaction with a lossy semiconductor using Maxwell's equations 
reduced to handle a lassIe ss dielectric is the reward. 
Whilst making these points concerning usage, let it be 
understood that the quantities E,D,H,B,P,J are all vector 
quantities. It was decided not to clutter them with bars-over, 
or arrows. No heavy type face was available. The experienced 
reader will not find difficulty. Consideration is limited to 
linear isotropic materials, so that the vectors in anyone 
equation are (usually) parallel. The treatment as given is 
for homogenous materials, though it may be extended to 
inhomogenous materials if the vector operators div and curl 
are allowed to operate on the scalars cr', f. , etc., as 
appropriate. 
The final caveat; the extended usages, and the particular 
forms of Maxwells' equations that follow using the operation 
Cl /()c = k ware only valid for the time dependence exp( j W t). 
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7.3.2 Maxwells' equations. 
Electromagnetic theory is based on Maxwells' equations. 
(1) div D = f' u 
(11) div B = 0 
(111) curl E - ~ B = 
";) t 
aD 
(lV) curl H = U/ilt + J 7.3.2 -!-
Alternative statements in vector and cartesian form are noted, 
using A as a dummy vector:-
div A ~ V.A = 
curl A ~ \7" A 
+ + 
+ k(~A1 _ 
~" 
...... .,.. h where L, J, K are the usual unit vectors in t e x,y,z 
directions. 
In matrix form:-
curl A = 'V,.. A - ~ ~ t .(. } 
t £.... ~ ()~ ~ 
A". A1 AJ 
Two of the four Maxwells' equations contain Du' First it 
will be shown that the R.H.S of the fourth may be written 
dD/Jt when D carries its extended meaning. Secondly, it 
will be shown that 7.3.2 - l(i) may be simply written div D = O. 
1 
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Take equation 7.3.2 - 1 (lV):-
~D 
curl H = u/~ t + J 
o 
+ 0"') E 
= j w D 
Therefore we may write 7.3.2 - 1 (iv) in either of the two 
forms:-
curl H = j ..., D '1.3.2 - 2 
curl H = ~~ (D) 7.3.2 - 3 
where D, E:, and 0-' carry the meanings described in section 7.3.1, 
and d I ~ t E j"". 
For equation 7.3.2 - l(i), it has to be shown that the 
equation holds in the extended meaning, 
div D = 0 
Commence with the standard equation 7.3.2 - 1 (lV):-
curl H = + J 
Take the divergence:-
div curl H = %t(diV Du) + div J 
But div curl ~ 0; 
and using the first standard equation 7.3.2 - 1 (i):-
- div J ~t (p) 
which is a general statement of the continuity of current, 
of which Kirchoffs' law at a junction of several conductors 
is a particular case, with r = 0 at all times. Replacing 
C~t 
- div J = 
Using J =O'E; 
f= j 0" w div E 
Substituting for r in 7.3.2 - l(i), the standard equation:-
0' div Du = j w div E 
= j.-':t. div E 
W 
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7.3.2 - 4 
: .. ___ .. 7.3.2 - 5 
I 
" L - "te) - j (",,, + I 
The L.H.S is just the extended meaning of D discussed in 
section 7.3.1, and has been derived using only the standard 
Maxwell equations, and the standard definitions as starting 
paints. 
7.12 
It has been shown chat usine; the generalised meanings of D, € , 
and (j', the first and fourth r1axwell equations hold:-
div D = 0 
curl H = c'l D/d t 
In the next section the plane wave solution of Naxwell's equations 
will be discussed. 
7.3.3 Plane waves in alossy semiconductor. 
The symbols D,E, a' are used with their generalised meanings 
discussed in section 7.3.1. Also the operator j ~ = ~/~t is 
freely used as required. 
The standard Maxwell form has now been generalised to:-
(1) 
(ll ) 
(lll) 
(IV) 
div D 
div B 
curl E 
curl H 
= 0 
= 0 
d 6 
= - ~\: 
= - ~ ~I:. 
Take the curl of the equation (;ii ) 
CURL CURL E 
= - ~t(CURL B) 
= -
'7.3.3 - 1 
_____ .7.3.3 - 2 
• 
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Use the vector identity:-
CURL CURL E = grad div E - '1 2E 
= 7.3.3 - 3 
Since grad div E _ 0 by equation (i). 
Substitute from 7.3.3 - 3 into 7.3.3 - 2; and using 7.3.3 - l(lV) 
7.3.3 - 4 
Similarly \0 H:-
7.3.3 - 5 
which are the wave equations for waves travelling with a 
komplex) velocity:-
1 
C· = 
7.3.3 - 6 
For waves in vacuo:-
= 
j 
7.3.3 - 7 
Take the direction of travel to be Oz, and look for solutions 
of the form exp( j wt ~ ~ z). 
Then:-
7.3.3 - 8 
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and in cartesian co-ordinates, 
+ 
Therefore equations 7.3.3 - 4 & 5 become:-
In an infinite medium, there is a plane wave solution; 
Therefore ~= -L = 0 ch d1 
and equation 7.3.3 - 9 reduces to 
i J = - t,)l. .fA ~o f. £", 7.3.3 - 10 
~ = J I.J J j-< )-'0 € E. c • 
'I = J'w/C 
i is known as the propagation constant, and is complex. 
The plane wave equations are:-
7.3.3 - 11 
Since the whole derivation is premised upon the time 
dependence exp(j wt), it will be hence-forth be ree;arded as 
implicit in all appropriate expressions. Concentrating upon 
the space ( ~) dependence of the electric field, and taking 
only the wave in the + Oz direction for the moment; 
7.15 
equation 7.3.3 - 11 becomes:-
].3.3 - 12 
The refractive index is defined as:-
e 
n = o/e 7.3.3 - 13 
If a complex refractive index is defined as the ratio of the 
free space velocity to the complex velocity e*, 
Then equn. 7.3.3 - 12 becomes:-
E = E exp (-jW (n -0 
c 
0 
E (- W kZ) = exp e 0 
0 
where n describes the phase velocity 
c = 
Co 
n 
jk) )Z 
exp (-j 
7.3.3 - 14 
7.3.3 - 15 
wn z} C 
7.3.3 - 16 0 
7.3.3 - 17 
and the absorption constant k describes the rate of decay of 
amplitude. 
The decay of ~he radiation, and the consequent material 
heating are of prime interest in this problem. A short 
digression to record some inter-relationships between the 
several descriptive parameters follows. 
7.16 
We note in passing that some writers (e.g. Smith ref.24) Use a 
parameter K in place of k where:-
k 
= n 7.3.3 - 13 
usually ter:ned the extinction coefficient \<., although Smi th 
refers to k as the absorption index (ref.24 page 292). 
The coefficient of absorption ~ describes the loss of radiation 
power:-
I = I exp(- 0( z) 7.3.3 -0 -- ----
Comparing this with equn. 7.3.3 - 16 , and remembering that 
intensityoC (amplitUde)2, then 
exp( - ot) = {exp(- L.) kl} 2 C 
0 
2w k 0( = C 
0 
or eX. = 
4r- k 
Ac 7.3.3 -
Now relationshipS between the complex dielectric constant, 
the refractive index,and the absorption constant will be 
established. For a loss free dielectric, 
19 
20 
n = f;7' 
..... ~~ 7.3.3 - 21 
in the general case:-
n" = .(E"' 
7.3.3 - 22 
Substituting for n°, and squaring 
, 11 
= E:. = €-j£ 7.3.3 - 23 
I 
I 
Separating real and imaginary parts:-
2 k2 
n + = 
I 
E:. 
7.17 
2nk = /-- __ ?3.3 - 24 , 
It is the case that ~' and £" may be related to basic 
measurable material parameters such as Ne,mo,me,e and a'. On the 
other hand, for the e-m wave we are interested in phase velocity 
(and A), and attenuation. Then if nand k are to be related to 
material properties, they are required in terms of ~' and "-": _ 
_ 03.3 - 26 
In this section, the parameters required to characterize an e-m 
wave in a semiconductor have been set out. The use of standard 
symbols, but with an extended meaning, is contentious. The 
author commends it for consideration, as it enables a further 
level of generalisation to be achieved, whilst maintaining 
a simplicity in notation. 
In the next section, the material parameters are related to 
nand k.·The aim is to predict from the theoretical relationships 
the optical properties of germanium over the teNperature range 
300K -l200K from known properties e. g. ni = ni (T) and 0' = 0' ('f) • 
7.18 
7.4 n,k, and £ related to the material properties. 
At the end of the previous section, n, k, and £ were connected 
in equations 7.3.3 - 25 & 26. This section obtains expressions 
for €., EL' and G.
c 
where '"-L represents the relative permittivity 
due to bound electrons, and t.c.represents the relative 
permittivity due to the mobile carriers (electrons and holes). 
A later section discusses the evaluation of these properties 
for germanium over the range 300K-1200K. 
7.4.1 The lattice contribution,b L' 
A detailed quantum mechanical account of €L has been given 
by a number of authors (references quoted p.28 ref.~), and 
the results differ little from the classical treatment., It is 
usual therefore to approach this subject from a classical 
point of view. 
An expression for the (alternating) polarisation produced 
by a radiation field is required. 
Assume' for a bound electron a displacement x, a restoring 
force m
o
w
o
2
x and a damping force mog dx/dt where Wo and g 
are angular frequenci'es. Then the equation of a bound electron 
i5:-
2-+ rfI 0..)0 :;l::. 
- - e E,. e:x:p~w!:. ) 
7.4.1 - 1 
where Ex exp(jwt) is the impressed electric field. 
\ 
·The solution for the complex amplitude Xo is:-
But 
e.Ex 
= E E + P o 
For a one dimensional system, 
E ' = 1 + P If ,E L x 0 x 
1 
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7.4.1 - 2 
7.4.1 - 3 
But the polarisation P
x 
is the dipole moment per unit volume. 
Substituting back for E,L; 
7.4.1 - 5 
To relate to nand k', 
1, 
w
2 + jwg } 7.4.1 - 6 
Separating in-phase and quadrature parts:-
I 7.4.1 - 7 
7.4.1 - 8 
- I 
7.20 
1 11 
The main properties of E. L and EL will be outlined. The 
sketch Fig. 7.4.1 - 1 shows the behaviour of nand k. 
n.k;R 
CA~vLA''''2> 
fOr" 
n:>'= 11:. 
f. - 20 Cv> ":>-0 
0.~~ ?'o 
~ 
')0 1 
10 
'R1.o 
/. So 
10 
zo 
10 
10 
7 
b 
2 
i (or.. jo< 1" Sb ) o ~ ____ -=~~ ______ ~ ______ r-__ -=~~ __ ~o<-
0·8 0·'1 1·1 1·2 uV 7wo 
For a lattice characterized by a single frequency ~o' 2nkWis 
n , 
a maximum at (.)0. The maximum absorption (..: k) occurs for W ~ wo, 
but W slightly greater than wo. 
The damping factor g is defined such that when 2nk'" is half 
the peak value, the frequency displacement from resonance is 
tg. That is, g is the bandwidth of the resonance curve. 
As 1.)--0, k is low, 222 n -k_n ,andfrom7.4.1-7 
o 
so that 
N
e
e2 
n 0 2= 1 + ----=-----
,. W 2 
mo ~o 0 
f.". 
To check the theory, note thatkGe, 2nk~ peaks sharply at 0.295~m 
(ref.4 page 25) (,',10)0 = 6.39 x 1015 5-1). If Ne is put equal to 
four times the atomic density (as Ge has four valence electrons 
per atom (N = 1.766 x 1029 n-3», 
e 
then:-
n = 3.9 o 
2 
which is close to the observed value no = 15.98. The dielectric 
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constant I + (L measured at IMH~ (ref .,4 page 26) ie 15.8 - 0.2. 
These data indicate two things; (a) the classical theory is in 
satisfactory accord with experiment, and (b) since for 
2 2 , germanium, no = n at 28.3 TH2. -- coL at IMHoz., then there is no 
lattice resonant frequency Wo close to 2 x 1014 5-1 • Therefore the 
lattice absorption at the laser frequency, should be very small. 
7.4.2 Free carrier contributions. 
For a non-degenerate band, the quantum mechanical analysis yields 
essentially the same results as the semi-classical approach. 
For Ge at 300K, the conduction band (C.B.) electrons meet this 
criterion. However, for holes, the bands are degenerate, and 
the semi-classical theory fails. 
The theory to be outlined therefore only strictly applies to 
the conduction band electrons in Ge. 
The equation of motion for a. C.B. electron is equn. 7.4.1 - 1 
in which the restoring force (and hence Wo) is zero:-
Note that now the conductivity effective mass me is 
required. 
The solution for the complex amplitude is:-
7.4.2 - 1 
7.4.2 - la 
I 
.J 
, 
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Since this problem is concerned with intrinsic Ge, the density 
of electrons may be written ni' so that equn 7.4.1 - 6 
becomes:-
= 1- { _t.)-%-i __ -
~~ 
where the relative permittivity, due to C.B. electrons is 
written E:
e 
•. Separating in-phase and quadrature parts:~ 
I eL [ i J == Y) "- k.1. '" i- ll: €.e Wle ~o w'2 + (f' 
tl 
2nk = O~ e2. l d' } €e-= rII/I €.o W .;l'2.. + 82-
7.4.2 - 2 
7.4.2 - 3 
7.4.2 - 4 
The parameter 1 may be g identified with the momentum relaxation 
time. Following Moss et al (ref.4 page 36), integrate equn 
7.4.2 - 1 over a time T in which many collisions occur:-
T T 
cb: 
l'Yle ~ x. -efT T1ler + - 7.4.2 - 5 I:; 
0 0 
Foliowing ref.4 exactly, he says that the first term is zero at 
each collision. He then implies and uses 
T 
o 
7.4.2 - 6 
The term ~J~iS the total distance t:avelled = E~ T 
(against the field since-e) from the definiton of mobility. 
Therefore 
gm 
e " eET 7.4.2 - 7 
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e g = 7.4-2- 7 mete or 
or g = .l 7.4.2 - 8 
't' 
This derivation seems unsound. If it is to stand up at all, T 
has to be very short indeed compared to a cycle. time, so that E 
is quasi-D.C. Only then can the R.R.S. integral be - eET. At the 
same time the argument requires T »~. For Ge, frequencies 
-100 MHz and T _lO-lOs represent reasonable limits to these 
quanti ties, since 1:'_10-12s • Some doubt about its validity at 
28.3 TRz then remains. This doubt may be removed by an alternative 
approach which avoids involving the mobility ~e. 
Rewrite equn. 7.4.2 - 1 in a form emphasising momentum:-
7.4.2 - la 
The first term represents rate of gain of momentum from the 
driving field. The second term represents rate of loss of 
momentum due to scattering. Both are instantaneous values, so 
there is no time restriction as there was previously. Following 
the arguments which are summarised by equations 6.7.5 - 2 and 3, 
the second term of 7.4.4 - la may be identified with the R.R.S. 
of 6.7.5 - 3:-
-
Rence 
g _ l/~ 7.4.2 - 8 
[ 
I 
" 
I ,. 
r 
I· 
I 
j .. 
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The parameter 1::' is the momentum relaxation time defined under 
the assumptions discussed in section 6.7.5. Strictly "t should 
be averaged over the electron energy distribution and written 
, ., 
The equations for €e and E: e are re-expressed in terms of 'C' :-
I "2 2. ~ _n..:..k e - Of i-
7.4.2 - 4a 
,When w'"L»1 (as it is for Ge 300K - 1200K whenU"'2 x 1014 5-1 ), 
the first equation reduces to:-
'(2.. e 2 
z. ff'le t::o W 
and, since "t' has vanished, ~~ is independent of the precise 
scattering mechanism. 
7.4.2 - 3b 
Some alternative forms of the second equation are of interest:-
11 
f..e -
I 
LJ£" 
0-' 
L.l ~o 
11.- e'2 ~ 
me I + wz. '"'to. 
• 
When 1ol 2 "(:2» 1, 7.4.2 - 4d may be rearranged to give:-
7.4.2 - 4c 
7.4.2 - 4d 
7.4.2 - 10 
I ' 
!' 
I, 
I ' 
I'", 
I:. , 
ii-. 
L 
i 
I . 
I 
I , 
c· 
I: 
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This last form illustrates the well known 0(. cC). 2 law which 
- 0 
holds when f'\: f'\ is independent of wavelength. This condition 
o 
is met for Ge at >'0'= lO.6r m. 
For the purposes of this work, the form 7.4.2 - 4e is the most 
I 
useful, since 0' takes into account the variations with 
temperature (300K - 1200K) of both a' 0 and ~ , and is tabulated 
for Ge in section 6.7.5. Both electron and hole conductivity 
have been taken into account- in the expression. However it is 
worth noting the seperate contributions below. 
When both electrons and holes are present, the seperate 
contributions are taken as linearly additive, and proportional 
to the number density of each Ne' Nh • First, the relative 
permittivity due to the free carriers€~j 
, 
£c.:;::- i-
and using equn. 6.7.5 - 11:-
. 
.. 
( ., i -_ oe: -W f.. 
E' = 1 -
e 
+ 
11 ) <rh 
'" ~o 
For the case of -intrinsic--material (Ne '" ~h = ni")' when 
7.4.2 - 12 
7.4.2 - 13 
~~ '» 1 (as for Ge at lo.6!m), equation 7.4.-2 - 11 reduces 
to:-
£' - i c. (!. + ~J 
which is independent of the scattering mechanisms for electrons 
or holes. 
Similarly using 7.4.2 - 4e and 7.4 •. 2 - 10, the ele'ctron and 
hole contribution to absorption may be written:-
0-' 
ne.. t-o 
7.4.3 Combining E.L and Gc to give ~ • 
~:) 
7.26 
7.4.2 - 14 
This section shows that when a material has a susceptibility 
due to bound electrons 6 L, and also due to free carriers £. c' 
it is the susceptibilities that are additive. 
Lt is then shown how to obtain 6 from €L and € c. 
We start from the definition of D:-
D:: 6 E + P 
o 
7.4~3 - 1 
where the equation is taken to be perfectly general; it takes 
account of bound and free electrons, as well as quadrature and 
in-phase components. If the polarization due to bound electron 
is PL, and that due to free carriers is pc'. then:-
D=~OE+PL+PC 
But we may write:-
P L = £XJ.. E and 
Therefore:-
Pc = <2. x.. E o c 
D = (1 +ZL +\) E:.oE. 
E: EE"oE 
where € is used in the generalised meaning of this work. 
7.4.3 - 3 
7.4.3 - 5 
7.4.3 - 6 
• 
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Then 
(. = 1 +"\.L + K..c 
It is customary to bracket the 1 with ~L' and write 
E- :; (l +~) +-:t.c 
£= (L +"'\ 7.4.3 - 8 
where E:L is the lattice relative permittivity. Equation 7.4.3 - 8 
is the underlying form used in standard texts, although it is 
usually implicit rather than explicit. 
The term EL is usually comprehensively dealt with in texts, and 
has been discussed here in section 7.4.1. No further remarks 
are required • 
On the other hand, the free carrier contribution is usually 
arrived at without much discussion of its physical meaning, or 
that it is really Jc
c 
that is being tacked on to EL to give €: 
So consider the charge movements-described by ~c' 
Figure 7.~.3 ~ 1 represents (arbitrarily) a cylindrical part 
of conductor,length l,in which the carrier density is N. 
Under the influence of an electric field E = E exp(jwt), the 
x 0 
free charges are displaced from their equilibrium by an amount :c. 
:::t: I E I ::.: I 
1 
... 
\ 
'::::;"'~-==-f------______ L>-
Fig.7.4.3 - 1 
N 
(-- C"") 
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The dipole moment = N Axe L 
dipole moment/unit vol = N e x 7.4.3 - 9 
NO>Ix varies with -t as exp(jwt) and with amplitude, quoted in 
equn. 7.4.2 - la 
Xo == i 
7.4.2 - la 
Substituting x = Xo exp jwt into 7.4.3 - 9, 
P exp( jwt) = N e x 0 
Ne:- (0' i ) Eo e.JC.P (j wt. ) , =- t<\ - 'two ··-7.4.3 - 10 
The susceptibility is 
• 
= "P. e-:q·4we) _ 
(.,£0 4.'l(..f' (d' :..>t) 7.4.3 - 11 
and has in-phase and quadrature components. Separating these 
out:-
, 1/ 
le c =\c -j"X.c 7.4.3 - 12 
-x.....' := N e..2. (1 'L2. ) 
" ~. "" ~ ..)1 1:''' 7.4.3 - 13 
" Ne2. \ 1 t : .. ~~ ) x..", e (." r<'l L.) 7.4.3 - 14 
The latter two expressions may be put in terms of the conductivity 
I. // 
0(;, or in terms of 0'"'= u- d U :-
1/ 
\.== 
c 
t.J £.." 
• 
7.29 
or 
, I' 
-X", 0-' 7. 1f.3 - 13b c- c...) ~o 
I, 
0-' ' 7.4.3 - 14b 
-X" c- L.) Co 
, " 
The values for a' and () for Ge over· the temperature range of 
interest, and at the CO2 laser frequency have been tabulated in 
section 6.7.5. 
I , I It is worth noting that PL and Pc are in antiphase. PL leads ., 
E by 90o (capacitative), and P / c lags E by 900 (induc ti ve). pI c is 
only significant when !.) ~"t , or the conductivity 0'"'0 is 
substantial, as is the case for Ge for temperatures ~ 1000K • 
·We now wish to combine the contributions to € from bound and 
mobile electrons. 
E. = (l + Z) 
I " I • <='-~t = 1 + '\..: - j"\.. 
I 
+ "'\.'c j'\" L • = 1 +"'<.L -
- fx...c 
Therefore:-
, , , 
E. = 1 + "XL + x"c 
E-' 
, x.~ = £L+ 7.4.3 - 15 
and 
7.4.3 - 16 
, 11 
The optical parameters n,k, and 0<. may be obtained from E. and [. 
by using equations 7.3.3 - 25, and 26, and 7.3.3 - 20. 
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7.4.4 The Plasma frequency. 
I 
Under certain conditions, the free electron contribution to € 
may exactly cancel the bound electron contribution. Then E. 
I 
becomes zero, and the frequency at which it occurs is known as 
the plasma frequency Vp .. .::> p • 
For conduction electrons, the plasma frequency is given by:-
'2. 
u)? .. 
For intrinsic Ge, electrons and holes are present in equal 
concentration ni • Starting from equation 7.4.3 - 15:-
I 
+l( 
C 
I I 
+ "\. e + "\..h 
We may now use equation 7.4.3 - 13 adapted to the condition 
c.)'t »1, and for both electrons and holes:-
I 
x..c = 
= 
Substituting this back into 7.4.4 - 2:-
= 
7.4.4 - 1 
7.4.3 - 15 
7.4.4 - 2 
• 
7.4.4 - 3 
7.4.4 - 4 
7.4.4 - 5 
'. , 
I 
• 
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I 
When 1.0 = 01' ' IS = 0, therefore:-
( i. i ) -+--me nl;, 7.4.4 - 6 
and the only modification to 7.4.4 - 1 required is to the 
mass term. 
For the problem under consideration, the value of ni required 
to correspond to the CO2 laser frequency is of interest. Putting 
the numerical values appropriate for Ge:-
I 
~L = 16 Me = 0.12 mo mh = 0.36 mo 
and m -3 
Consulting Table 6.5.5 - 2, we see that ni reaches this value 
at ~llOOK, a little lower than the melting point (1210K). 
The estimated temperature for plasma resonance in Ge is therefore 
within the range of temperature of interest in this study. 
The dispersion relationships may be :expressed in terms···of Wf> 
('= n'- k.2-
-
I 
E.1.. (i - o 2 ) 
L,j'2. <3 z 7.4.4 - 8 
• 1 'a' €.' tJ/ 
€ :: Znk. L. 
- • 7.4.4 - 9 t..J 0'2. ~ sz. 
Briefly, the significance of the plasma frequency may be 
outlined by considering a lossless material ('"t-:>iJ , :] - ... Cl ) 
When 
k = ° n i 0 
n = 0 k -:f 0 
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Refer to Fig. 7.4.4 - 1: 
For ,.) '> "'{energy is propagated into the material. As (.) reduces 
toward (,.)" near eJp, the refractive index n- i and R becomes 0; 
all the incident energy is propagated into the material. Over a 
further narrow frequency range from w, , to wp , n changes from 
n = 1 to n = 0 as R rises from R = 0 to R = 1. 
Refer to Fig. 7.4.4 - l(e) 
The physical significance of w , is that the displacement 
currents (capacitative) due to the bound electrons excited by an 
incident e -1Y\ wave are exactly cancelled by the response current s 
(inductive) of the(collisionless) free carriers. The wave 
environment is then essentially the same as that of free space. 
Hence n = I, and R = O. 
For exciting frequencies between w, and wp, the inductive free 
carrier currents are larger than the bound charge currents; at 
Wp they exactly cancel not only the bound charge displacement 
current ,but also the displacement current of free space. The 
dielectric constant e:' becomes zero, which means n = 0 and 
propagation of energy into,the material cannot take place. The 
H field is zero; R becomes unity. 
When W > ""p, n = 0 and k increases as W decreases.R is uni ty, 
so no energy is propagated into the material. The wavelength 
within the material becomes infinite, which means that the 
plasma moves with the same phase throughout, and a progressively 
reducing amplitude from the boundary. Since the material is 
lossless, the E field and the resulting current density (also H) 
are ,in phase quadrature. 
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Parameter behaviour around the plasma frequency 
for a dissipative material. 
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Refer to Fig. 7.4.4 - 2. 
Germaniu:" is a lossy material. This ",eans the "resence of an 
in-phase component of total material current :r when excited 
by an e - m field. Figs (c), (d) and (e) illustrate the 90int. 
If the displacement current is:ro , and the current due to free 
carrier response is I _" To in phase, Je.. in quadrature lagging, 
then 
J = jJn + Jc 7.4.4 -
I /' J = jJn + Jc - jJc 7.4.4 -
/ 11 
= Jc + j(Jn - Jc ) 7.4.4 -
At the plasma frequency, the quadrature term is zero, leaving 
I 
lOa 
lOb 
IOc 
only the in-phase free component Jc. The wave is promoted into 
the material, but quickly attenuated. 
Whether or not in a given material there exist a set of properties 
derived from the plasma resonance depends on the presence of a 
quadrature lagging free carrier conductivity, which at all low 
frequencies exceeds the capacitative conductivity <J'J) of the. 
bound charges. This will be determined by the carrier density 
N and the momentum relaxation time ~ according to the inequality 
7.4.4 - 12. The ccnductivities of interest may be expressed:-
Capacitative conductivity, free space 
era" = J ..:> Eo 
Due to bound electrons CY.." = d W(£-I)(o 
Total displacement conductivity ~o 
'" ~w€f.o 
Inductive conductivity due to free carriers 
" 
Ne.'-r 1 i (]J = 
-d W (I+c.iT) IT) 
i 
1_- 1.4..4.- 1\ 
7.34 
Refer to Fig. 7.4.4 - 2(c):-
It will be noted that at low frequencies ( ,.)"C. ~~ I ), the 
capacitative conductivity ~D and the inductive conductivity 
()''' are both proportional to frequency (.). At frequencies 
around ~~ ~ I, the inductive component begins to drop until 
at higher frequencies it is falling with increasing c.J as ~. 
Over this frequency range, in the absence of a bound electron 
resonance, the capacitative conductivity continues to rise 
linearly With t,.) • 
The condition that plasma resonance may exist: 
I <Yo I < I er" I 
1 
< 
l'-\ e?- ~ w"C 
£.0£ .... E.o 
M + 0",(::' 
at all low frequencies. 
At very low frequencies, 0'1:' 1..<:.. i, hence 
01" > 
An Alternative view of the plasma resonance is that which 
equates the material quadrature current 
~ (CS'o-CJ") :. 0 
Ne2 '1' , , L0p f.L f.o = fY1 (I 
.. 
'C: 2 N e~ rc-'" wl' 0:. G: t'E; r<\ 
to zero:-
Wp'Y 
+ WP 'L~) 
i 
_, ?Ji 
"(' J 
7. ,+-.4- -- 13<\. 
7. 4-.4- -- 13 b 
~ ~ = , ._. - - - - - .--E...€.~- -~!o..J~~-_ .. 7.4-~ -.13 Coo_ 
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Expression 7.4.4 - l3c reduces to the standard one (7.4.4 - 1) 
I 
if /.:i' may be neglected, which may be seen (by inspection of 
7.4.4 - l3a) equivalent to the condition 
The conditions discussed relating to plasma resonance phenomena 
are of importance to the analysis of the present problem. As the 
irradiation heats the Ge. , the material plasma frequency w'P 
increases from a fairly low value at 400K (N small, about the 
lowest capable of displaying plasma resonance) to move through 
the CO2 laser frequency in the region of melting, or just below. 
A knowledge of the exact phase relationships between the incident 
field Ei, and the resulting material currents with the consequent 
re-radiation, are essential to an understanding of the nature of 
the surface patterns observed on the Ge etalon. 
-... ;_. 
Section 7.5 At the interface 
The germanium etalon on which the damage occurred was part of 
the laser cavity. The field conditions at the etalon surface 
are consequently particular. 
This section sets out pertinent details concerning reflection 
of radiation incident normally on a Ge-free-space interface. 
To be exact, the "free-space". is the laser cavity containing 
a gas mixture at atmospheric pressure. 
The case of a low loss dielectric (k «n) is taken first, as 
relevant to Ge over temperature range 300K - BOOK. A summary 
of relationships applying to a lossy dielectric, which are 
applicable to Ge over the range BOOK - 1200K are covered in 
sections 7.5.4 - 7.5.5. 
7.5.1 At a single surface 
1'1, 
----_.'>-
E· J 
1/ 
/ 
V 
V 
V-
V-
V-
I---' 
r1, ---l--_ nz 
" 
\ 
---
" 
"-
"-
Eii : 
" 
F) '"'. 7. 5 . i - .1 
.._--
7.37 
Fig 7.5.1 - 1 shows the electric vector of a normally incident 
field, with the reflected and transmitted components. The 
u 
electric field is conti10us across the boundary. 
Reflection is in antiphase where the radiation enters the 
dielectric. 
The magnitude of the electric field increases as the radiation 
exits. 
The amplitude and power coefficients are given by:-
11. - ()z R 
=( n,-il, r r = tlJ +- l1z. n. T n ... 7.~.1 - 1 
t i+; t ::2 n, 
= = ()1-tf)1. 
2- 4- (]. n, T n2 4. nt T 
= = n, (n,., n, )~ (f1,~i1,)2 7.5.1 - 2 
Field continuity across the boundary demands that the algebraic 
sum of the incident and the reflected field (1 + r) is equal to 
the transmitted field magnitude (t) on the other side of the 
interface. 
This leads to t = 1 + r. 
The expressions work both for passing into, and for emerging 
from a dielectric, provided the subscript 1 is used on the 
incident side of the interface, and the sign of r (which 
indicates phase relative to Ei) is retained. 
Because concern here is only with the case of normal incidence, 
the convention is adopted that r is + ve if the reflected field 
Er is in phase with the incident field Ei, and r is - ve if 
Er and El are in anti phase. 
The power transmission coefficent T takes account of both the 
amplitude coefficent t, and the changed velocity of energy 
propagation. 
Applied to Ge at 300K/free space:-
/ 
I 
/ ... 
--
T~ 0'(,4-
"'::D't , t~ 1·(' Jf'= -0·6 ~..... ....--
...." 
'R=:r ~ ~~ K'~ 0'36 t t.~ 0,4 T- 0·1,4-
- l>- E· E, t 
-- Ge Ge 
Fig 7.5.1 - 2 
7.5.2 Two faces - incoherent' light 
When the radiation passes through a slab of dielectric, two 
, 
interfaces are encountered. The net reflection (reflectance, Rc) 
and the net transmission (transmittance, TC) is consequent 
upon multiple internal reflections. For incoherent radiation, 
the powers are additive. The values of Rc and Tc for incoherent 
radiation are set out in this section, and for coherent light 
in later sections. 
NOP.>1At-
i I 
2-
K'. T 
I~L 
T21( 
TI('! t TZR.l. T 1(c TR'" 
T2Rl JR s -lR 4-I _
Fig 7.5.2 - 1 
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1 = T + R (conservation of energy) 7.5.2 - 1 
The transtai ttance may be expressed:-
Tc = T2 (1 + R2 + R4 + ....... ) 
Tc T2 1 R2 = 1 
-
Tc = 
T 
2 - T in terms of T alone 
Tc = 
T 
1 + R 
Tc = 1 - R 1 + R in terms of R alone ____ , _____ ].5.2 - 2 
The reflectance may be expressed:-
Rc = R + RT2 (1 + R2 + R4 ••••••• ) 
Rc = R b + TC] 
( 
Rc R {1 1 - R J = + 1 + R 
Rc 2R = 1 + R 7.5.2 - 3 
For Ge at 300 K, R = 0.36 Rc = 0.53 
T = 0.64 Tc = 0.47 
7.5.3 Two faces - coherent light 
For coherent radiation, the amn}itudes of the seperate components 
(which result from multiple reflections) are additive. 
The reflectance and transmittance of a slab of dielectric 
illuminated by coherent radiation is a function of slab thickness/A 
since this determines the relative pha~es of the components. 
When the dielectric is used as an active component of the laser 
cavity, only the values of Tc and Rc under the condition 
2 d = (2m - l)~ (m integer) are of practical interest. This 
produces the maximum possible value of Rc, and forces the laser 
frequency (hence A) to comply through the mechanism of cavity 
gain. 
-T"" 
J 
+ .t,t.,r 
-1" 
NOR"'''~ rN~'DENC.': 
1:., t ... 
-1"> 
1:, 
+ 1:, t:-,. 
d 
Fig 7.5.3 - 1 
The net transmitted amplitude is:-
+- J i t 2r O- G'C{- j 2 2~1 ,27'::) + 
Under the condition 2d = (2m _ l»/z , this becomes:-
tc t,t 2. t, t~r 2 t, t,r 4 ~ = - + 
- t, t 2. r + ....... 
2. rO- I tc = t,t z (1 - r + - r· + .... ) 
tc t , t 1-
1 
= 1 r2 + 
Using t J = (1 - Irl ) 
(1 '1 
- r ) 
= (1 + r"') 
=(1 (1 
- r'1 )f 
+ r2 ) 7.5.3 - 2 
The net reflected amplitude is:-
re = - r + t, t2, r expj ( 2~ x 2~) + t, t.,. r 3 expj (2 2: x 271:) .. 
Under the condition that 2d = (2m - 1)-}: -
re = - r - t, t2. r + t,t'.! 
3 !i 
+ ••••••• ) r - t,t 2 r 
re = - r (1 + t,t z (1 - r2 + r 5 _ r 7 + ••••••• ) ) 
re = - r (1 + ~) 
re = - r (1 t, t:z. ) + (1 + r2) 
Using t J = (1 -In) ; t2 = (1 + I'll) t, t 2 = (l _ r2) 
re = -r (1 + 1 _ r2 ) 1 + r2 
2r 
re: = :>. 1 + r 7.5.3 
- 3 
For Ge at 300K, 
tc = 0.47 
re = -0.88 
Tc = 0.22 
Rc = 0.78 
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7.5.3 - 4 
Note that re is in antiphase w. ·r. t. the incident radiation, 
which is coherent. For the Ge laser etalon this means that 
the inside surface (toward cavity) is at a minimum of the 
resulting standing wave pattern. It follows from the condition 
2d = (2m - 1)4 
wave maximum. 
that the outside face (exit) is at a standing 
• 
These facts will be used in a later section, to assess working 
field strengths during cavity operation. The presence of the 
standing wave pattern'means that the heating by absorption is 
far from evenly distributed throughout the material of the 
etalon. 
7.43 
When k is significant 
Amplitude reflection 
As the Ge is heated up by the radiation, the free carrier 
concentration ni increases, and with it the rate of absorption 
of e - m energy. The optical parameter k is most significantly 
affected by these changes; k influences the coefficients describing 
reflection and transmission. Absorption and absorptance are 
also required. The following sections set out the relationships 
required by the problem under investigation. 
At a single boundary between a dielectric of index no' and a 
lossy material of index (n - jk), phase differences are introduced 
between the quantities Ei' Er' and Et. There are a number of 
cases to be considered. The detailed phase relationships for 
each case are established in this section. 
The electric field is continuous across the surface. 
The phasor sum of Ei and Er is equal to Et. Phasor diagrams 
are used extensively in this section. Car'e should be taken not 
to confuse phasor diagrams with space vector relationships. 
Rather than deal with the fields E, the- incident magnitude will 
be taken as unity (used as a reference phasor), and the amplitude 
coefficients rand t will be treated as phasors. 
7.5.4.1 From dielectric into absorber 
1)0 
i 
• 
n, n2 no -en - jk) r, = • = 
n, + n 2 no +(n - jk) 
J. 
-en 
:z. + kl.) j 2 no k no + 
r. = (n 0 + n)2. + k2. 
= 
7.5.4 - 1 
QUADRANT:-
n nd By inspection of ro , 0 0 is in the 1st or 2 quadrant. 
If n 02. > (n2 + k 2 ) then eo is between 0 and ;r( /2. 
This occurs when no > n, and k is small. 
If no > n, and k becomes sufficiently large, eo moves into the 
second quadrant. 
z".k 
Fig 7.5.4 - 2 
When no < n, the real part of r is always -ve, and eo is 
always in the 2nd quadrant, independent of the value of k. 
When k is small, 8 0 -- 'T(. ; as k increases, eo moves toward 
'>z ' hestitates, and moves back to 9 0 = Jt as k ~ cC • 
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This latter case is that of light reflected at a metal 
surface. 
1+"T'=£ 
Fig. 7.5.4 - 3 
Amplitude Transmission 
The coefficient of transmission to< into the absorber leads in 
phase for all cases. That is, ~o<is always between 0 and 
t . 
OL 
tan ~o; 
i 
2n, 
=-=:.-
n I + n2. 
= 
2 no 
no + (n - jk) 
= 
2n 0 (n 0 + n· + jk) [, 
(no + n)2 + k Z 
k 
= 
From absorber into dielectric 
Fig 7.5.4 - 4 
7.5.4 - 2 
Amplitude reflection 
n, 
- n" (n - jk) - n, r. = = (n jk) , 
- + nc n, + n2. 
n2. _ 2. k2. -- -, no + 
-
j 2 no k r· = , h, n)2 + k2. + 
e· - 2no k i tan 
.L = I n 2. _ n 2- + k 2. 0 
I 
i 
2 no k I = n 2 
-
n 2 _ k'2 
_L,7.5.4 
- 3 0 
Quadrant:-
By inspection of ri, is in the 3rd on 4th quadrant. 
If k is small, then (n2 2 
- no + k 2- ) is - ve putting 8i in 
3rd 
..,..eo.! 
the quadrant. As k increases, the i term is rendered + ve, 
~ 
and e· moves into th 
"-
the 4 quadrant. 
11. > Y1 
l.+T=-t 
LocuS .... 
Fig 7.5.4 - 5 
When no < n, the real part of r 1. is always + ve, and the 
imaginary part always -ve, putting e;. bet ween 0 and (- 1t' /2) . 
-----------------~ 
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When k is small, (3i =' O. As k increases (), moves toward (- 71:/2.)' 
hesitates, and returns to e; ';' 0 when k ~ oC • 
i ~*u 2 2. kZ fI" - () + , ~,;;! <0 
TfI>J e,' 
Amplitude 
t . 
.1.0 
t ' La 
,tan .1.. 
'PLO 
'2nJ 
Fig 7.5.4 - 6 
transmission 
2n, 
= = 
n, + nz (n 
2 [ n(n 0 + n) + k2. 
- (n 0 + nf-+ k Z 
= 
\ 
loc.us 
1+1"= t 
2(n - jk) 
jk) + ne 
- j no k 1 
7.5.4 - 4 
-----"---
The coefficient of transmission tio out of the absorber is in 
all cases lagging in phase. That is ~Lo lies between 0 and (- 0'20). 
Summary of 7.5.4~1 and 7.-5.4.2:-
L .. AVlflG Abs.o,\ar 
TI(f\>lSI"1,SSION 
'R~FLECTIO'" 
n<no 
"Re..FL.G:.C.·-rION 
Fig 7.5.4 - 7 
• 
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The tr3ns~itted wave leads in phase passing into absorber • 
The transmitted wave lags in phase passing out of absorber. 
The reflected wave phase differs according as to whether 
n > no or not, and whether k is large or small. The diagram 
Fig 7.5.4 - 7 indicates with loci of the tip of a vector to 
the centre defining the angle eof the various behaviours; 
The relationship between nand no ls labelled, and the arrows 
on the loci indiCate direction of increasing k, 
The full range of conditions shown will encompass circumstances 
of little practical significance; a wave emerging from a material 
Wi th k __ oe for example! 
, 
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'7.8 Surface wave. 
It was proposed in our publications (refs. 16', 20) that the 
~ - pattern is cause~ by e - m surface waves. As will be seen 
in Fig.7.8 - 1, for a linearly polarised plane wave incident 
\ 
normally on a'Ge interface to be able to produce interference 
effects with an e-m wave travelling in the interface, the surface 
wave must have a field component in the direction of propagation. 
MAIN BEAM 
E 
w~ye. 
~ropagation 
Showing plane wave and surface wave with interfering field 
components E 'and E 
, z 
Fig. 7.8 - 1 
:An inhomogenous wave exists (the surface wave) which has this 
property. The term ~nhomogenous'" arises .from the fllct that the 
"lines of equal amplitude" do not. co-incide with the "lines 0 f 
equal phase" (Fig. 7.8 - 2). 
.equal equal 
--
" .' amplitude phase 
-- ..:/ 
-" X .-1-
-. 
--
--
-. 
-..... 
--. 
€2 ...... 
----
--
z 
/. /' 1/ ./ /' 
Y e, 
Showing a surface wave:lines of equal phase & lines of equal 
amplitude. 
Fig. 7.8 - 2 
Let such a wave 'be propagating in the Z direction, in the 
interface between media of complex perm1ttivities e,and 
, , 
. The co-ordinates of reference are shown in Fig. 7.8 - 2. 
relative permeabilities of both media are taken as 1. 
From the geometry, % 5: 0; if otherwise, there would be 
~ 
propagation in the ~ direction, contrary to hypothesis. 
The 
Using the solution of Maxwells equations set out by Waldron 
(ref. '9) pages 206-211 appropriate to an inhomogenous wave, 
we have in .x. >0, 
( 
where k.2. = , 
.+ 
_/
Z 
= o 
____ 7~8 - l' 
7.8 - 2 
= (f' - jf') 
f -. ID (;' - jl " ) 
and JI------'-----7.8 -3 
is 
part 
the propagation constant. The free space 
• and ;J 
the surface 
is defined as 
wavelength 
constant 
The real 
(J" 
describes attenuatiqn in the Z direction'. The attenuation 
distance .is zd' 
/' '2.7); -I Qn: I =. Az. = fo! -= f Ao 
• A:z ~/. >-'0 •• -= 
Zd = ~t" 
'. 
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'The solutions are:-
Ez = A exp(! j k, x)exp(-j.f z) e~j 0.)1:.) ~_7.8 -4 
1/ ' The choice of sign must" be exercised t k' '(k U is the o ensure ",x. 1 ___ '-_7- _. 
imaginary part of k,) is - ve , so that the field vanishes at 
infinity. 
In the, other half space ( X < 0 ), a similar set of relations 
apply, with further, aonstants C & D, and 
:2 
k2 = _______ 7.8 - 5 
-
, 
The boundary conditions at x = 0 determine the relationships between 
A,B,C,D, leading to:-
E modes:- ____ 7.8 - 6 
H modes:- = 7.8,- 7 
There can be no solutions to equation 7.8 - 7 under the condition 
H modes do not exist in an interface between media, 
of equal permeability. Because'H
z 
= 0, then Ey and Hx are also 
zero. 
"', 
For E waves,' ,equn. 7.8 - 6 gives 
= + eJ£~-f2 7.8 - 8 
whence -z ;S £, Cl (~,~ ~z) - 7.8 - 9 
and putting this result into 7.8 - 2 and 5, 
k2 " QZ ~oyo ~,2 / (r;., + C'L) l I 0::: k2 = ,:)2. f:~o f.: / ((" + £:'2.) 7.8 - 10 2 
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The field components Ex and Hy are given by:-
k'21 E:,. = - j f ~£i(h 
k~Hy = - j LV £0 £..l. 
______ 7.8 - 11 
______ 7.8 - 12 
where i is 1 or 2 according -to which side of the boundary is 
considered. 
, 
" If medium 1 is say Ge with £.,= £. - j E:- , and medium 2 is free 
space with- E:= z i , then 
\2 (, / Cf. + I) ~ = kGe = :I. (0 }Jo {; 2 / (C + I) W 
k2 = 1.0'2. £" ,JJo / (G'. + I) 7.8 - 13 0 
These relationships will be used in section 8.13 to characterize 
surface waves when the interface is defined by Ge near melting 
point temperature. 
Finally, it is observed that if standing waves are formed by a 
pair of equal amplitude surface waves (propagating in the 
directions z·and ~ z and generated by a common set of dipoles), 
, . 
the field Ex every. ___ t!;~A cancels to zero, leaving only.'the Ez 
~ ~-... 
components which reinforce each other (Fig. 7.8 - 3) 
RESULTANT - -~ 
Fig. 7.8 - 3 
l 
- I 
, 
I 
. I 
I 
I , 
- -' 7.53 
7.7 Conclusion. 
section 7 has set out the essential theoretical base which to 
establish a quantitative model of the interaction between 
electromagnetic waves and germanium. The framework presented 
\ 
will be used in section 8 to specify magni tudes for all the 
par-ameters of interest describing the optical behaviour of Ge_ 
over the temperature range 300K-l210K. 
7.54 
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Section 8 The optical model for germanium. 
8.1 Introduction 
The work of the preceding sections is applied to the formulation 
of an optical model for germanium. The behaviour of the optical 
parameters over the temperature range from room temperature to 
the melting point of germanium are calculated using the relation-
ships.already discussed. 
Comparison with published measurement is made for validation. 
A difficulty arises from the fact that the material in which 
the damage occurred was intrinsic germanium, and as such, some 
of the free carriers are holes.' Wher.eas it is shown that. the 
optical properties of n - type material may be modelled very 
closely, the presence of holes in intrinsic specimens introduces 
a complication. 
Of particular interest are the rather special conditions relating 
to the use of germanium as an active laser cavity element. Repre-
sentative field strengths are estimated for the conditions of 
operation pertaining when the damage occurred. The presence of 
standing wave patterns means that a problem which starts with 
a L.I.H material very quickly changes to one exhibiting extreme 
in-homogeneity as localised heating occurs at the antinodes. 
Even so, this section deals with the optical properties as those 
of a homogenous specimen o·f germanium at a uniform temperature 
throughout. Only the optical properties at the laser frequency 
8.2 
of 28.3 THz are of major interest in this study. 
The model described here is an essential pre-requisite for 
any detailed computer modelling of the interaction between 
laser r~diation and germanium, whether the specimen is homogenous 
or, due to local hot spots, inhomogenous. 
8.2 Values of €., n, and k 
The values of~, n, and k are calculated over the full temperature 
range from the 'C' and a:. data base assembled in sections 
6.6.5 (mobility), 6.7.5 (hence (;' ) and 6.7.3 (a;,). 
The values of €, n and·k are required at the laser frequency 
(28.3 THz), and are calculated from the high frequency conductivity 
~-- -~ i~" 6 v IJ 0 v discussed and tabulated in section .7.5. 
All the necessary base data for calc'ulating €., nand k are 
< I U found in table 6.7.5 - 3; that is T, '1:' > , era ' 0"' and (]' .• 
For convenience, the necessary relations are collected here:-
I 
er = ac:{- 1 ] 
1 + ",7..1:''- 6.7.5 - 10 
~" 
= ot{ 1 <.0'l.' l + w"-'l.'L 6.7.5 - 11 
I 11 E. = E. -j € 7.3.3 - 23 
" 
8.3 
I I ~ [ 7.4.4 - 15 ( = E.L LV E.o - - -- -- . 
7.4.3 - 13b 
" " 
cr' t 7.4.3 - 16 E.. = e. ... + (.) £0 ------ 7.4.3 - 14b 
l~ i [J,2 2' = " (.' (. + 7.3.3 - 25 ,J2' f. + 
k P = . i t ~ f-' 2 + ~" 12 , 7.3.3 - 26 .[2' (. 
The lattice absorption parameter fLit is regarded as negligibly 
small compared with the other quantities of interest at 28.3 ~z • 
It should be noted that if k is very small (Ge at 30·OK). 
7.3.3 - 26 amounts to the evaluation of a very small difference 
between two large quantities. A better approach in this case 
is to rewrite 7.3.3 - 26 in the form:-
k =.j ~ [£ ' [I + t ~:) 2 ] ~ _ € I J It" 
s,' .... ce €.~I is 5 .... "'" ) e"''Po..nci ihe.l ] US"'j iIie. b.~olTl">.1 iheor(?W\, ,tr\oI. drop 
k , e" 
= 2'~E::' 
, 
By approximating -If; n • 
1/ 
k € 
2n 
8.2 
- 1 
/ 
we re-obtain the exact form:-
7.3.3 - 24 
It will now be shown that n"" F holds up to at least 90OK. . 
By a similar line of argument starting from 7.3.3 - 25 and 
under the same condition 1;"« f.,' , 
n 
= k { 2 £ I + t ( ~: r } t 
b.l"lomial oqoin:-
=Je {I + {2~~:)2 + .... ] __ 8.2 - 2 n 
Consider the significance, and also the limits of validity, of 
equation 8.2 ~ 1 and 8.2 - 2. The line of thought is directed 
toward the need later to decide how to handle the anomalous 
absorption of holes which is discussed in a following section. 
The limits of validity will be considered to extend to the point 
where the appro~imations introduce an error in the order of 1%. 
Not because the calculated parameters are thought to be good to 
1%, but rather the 1% due to approximation is not expected to 
degrade the model. significantly. 
The largest term dropped from the binomial expansion for n was 
I (£' \ It • f { £" \ 4-
- ~ \""""?:€!} ,",h.e.h.s ~o be. c'~Fa.<ed --'" i_For It,e i r. erfOf" ~ ~1 rv 0-01 
wh'ich leads to:-
£ I ~ £/1 
• I 
Only when ~ begins to exceed £ does equation 8.2 - 2 fail. 
" Furthermore, for· the value of I; to influence n by more than 
1%, the condition 
8/1 >! ~' 
must be met, as may be determined by inspection of equ'ation 8.2 _ 2. 
8.5 
From the table 8.2 - 1 it will be seen that for Ge, the temperature 
must exceed '" lOOOK before the value of €." significantly affects 
n, and must exeed 1100K before equation 8.2 - 2 becomes invalid. 
The value of ~, does alter significantly at temperatures lower 
than lOOOK. The arguments above show that the change in ~' 
is due to the "inductive" contribution of the free carriers 
(described by 0''' I ~') rather than any loss mechanism associated 
with the carrier in .. phase movements (described by 0" I€. "L 
'Turning back to equation 8.2 - 1, k is directly' proportional to 
£ ", providing EO; , is essentially constant. This condition 
holds exactly up to 500Kj for this model, the error is probably 
not unacceptable up .\::0 900K. 
Relating to the approximation in k, the largest term dropped 
_1 (C")4 from the binom, ial expansion was ~ to be compared 8 E:'-(_E..") 2 to t f:' . Applying the same 1% criterion leads to the 
requirement 
for equn 8.2 - 1 
to be valid. Consulting table 8.2 - I, it is seen that equn. 8.2 - 1 
is valid up to ~ 900K. In practice it is probably good enough 
over the whole temperature range. 
Note that if n has been evaluated, k may be obtained from £:" 
using the exact form 7.3.3 - 24. 
8.6 
In the table 8.2 - 1, the first five columns are collected 
from preceeding sections, and the values of C', €.", nand k were 
calculated using the relationships reviewed in this section. 
The full expressions were used to construct the table. The 
approximations 8.2 - 1 and 8.2 - 2 were then compared, and the 
observations concerning validity and temperature range confirmed. 
Since the determinants of the thermal runaway process occur below 
500K, the approximations are more than satisfactory for the 
modelling. 
TEMP ( rt'\ <Jo 0-' 1/ () : E.' , // E- n k 
K l( 10-''l-s S\.I"\..-I ..Sl.-~f -. SL "'-
" 
:!,oo 30 2-2 0 71 -4- 4·1 -2 15 .<)<j 4.·9 -7 3-'39 b-I -8 .. 
400 2.0 2·(' , I b'~ -:-2 ~'4- 0 15''}'} 4·3 -5 3,99 ~'" -l, 
500 10 
"'·5 2 :1·lt 0 4-·2 / 15 -9'1 /·5 -3 3'99 1·9 -If. 
, ' 
bOO . '1. .2.~ .3 )-q I 2-'!, 2 Is·gS ),2 -Q 3-98 1-5 -3 ~ 
, 
. .. 
700 5 1,9 3 q.<6 1 g.';? ,. 2 15·4 1,'2 ,-2 3-93 '1·9 .:-~ 
, 
, . .. . " . 
~~ .3 I''!- ... '+ ?.q,~, :2- 3-1 '3 II:/.' j 3-t .-/ 3''/5 ,4--9 .-2 
130-0 .3 :}. 'i? . 4 ').s' 2 5·/ :3 I~' g t·o .-/ 3·b ~-It -z 
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IITVO 2 4-'4- ,4 3-.2 3 1 -I 4 YJ,.'1 2-0 0 3-0 3-4- -I 
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Fig 8.2 - 1 
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Approximations good to 900K:-
k ... __ .8.2-1 
n __________ 8.2 - 2 
Good to 500K:-
= ___ .. 8.2 - 3 
:I.. e. n is independent of £ ". 
8.3 Validation at 300K. 
One ·of the reasons for constructing a mathematical model of the 
optical bahaviour of germanium is to enable the present study to 
cover regions where there is no available supporting experimental· 
data. The further from "base" this process is extended, the 
great"er the band of uncertainty there is in the final result. 
Some available experimental data (ref 19 ) on n - type germanium 
is used here to underpin tfue work so far done. The data is for 
a fairly heavily doped (3.9 x 1024 m-3 ) specimen at 300K; which 
in some respects makes it comparable to intrinsic germanium at 
an elevated temperature (T ~ 900K, n .. ~ 3.7 x 1024 m-3 ; table 
6.5.5 - 2). 
The data concerns the reflectivity R as a function of radiation 
wavelength Ao. (Fig 8.2 - 1). It shows the plasma edge. It· 
is demonstrated that the theory so far developed caD reproduce 
these experimental results. at least to the precision of 
interpretation of the available diagram. 
8.9 
An interesting comparison will then be made with a calculated 
curve of R for germanium as the free carrier density increases 
in response to a rising temperature. 
o 10 
~ 
• DATA FROM -SP1TZEA 8 fAH - 4 
A CALC. USING me. )45m
o 
20 
)JMrCRONSI 
"" 
RefJectivity and cdractive inda 8.5 functions or wave-
!cngth tor n-tyPe germanium having 3.9X 10" cm .... as re rted 
In Rei. 4. In addition, theoretica1 values foe the rcHectivity kving 
been calculated using an effective mass ,".=0.145 Mo, arc'sho1lrlL 
Fig 8.3 - 1 
At an interface between germanium (n .- jk) and free space, the 
power reflectivity R is given by:-
R = (1 + n)2 8.3 - 1-
For germanium of any ~, and using the relations reviewed in 
section 8.2, nand k may be determin~d (and hence R) as a 
function of W. Using ~e as a variable parameter, R 
versus Ao (= '2:'Coj may be fitted to the experimental results. 
The d.c. conductivity ~ is calculated from 
= -----___________ 3_.3 2 
given the donor density No • 
8.10 
Table 8.3 - 1 shows the values so obtained; and for comparison, 
some data interpreted from Spitzer and Fan I,S experimental 
results (Fig. 8.3 - 1). 
TABLE 8.3 - 1 
24 -3 ND = 3.9 x 10 m ~/ 17-1 /m,,= 3.0 x 10 skg ; 0: 
Ao Calculated From Graph 
n R n R ym % % 
5 3.9 35 4.0 35 
10 3.7, 33 3.7 32 
15 3.3 29 3.3 29 
20 2.7 22 2.6 21 
21 2.5 21 
-
22 2.4 20 
23 2.2 19 2.0 '19 
24 2.1 20 
25 1.9 22 21: 
30 1.6 47 49 
35 1.7 63 
The match is striking: At this point theory and practise are in 
close ,accord. Further observations may be made. 
If me is taken as 0.145 mo' the corresponding value of '--r is 
4.0 x 10-14s • This probably is reasonable given the high level 
of doping ND• 
8.11 
It happens to be close to the value of L' calculated for intrinsic 
material with similar carrier density (at 900K) in section 6.7 
(see table 6.7.5 - 3; 'L ~ . -14 3 x 10 s). The value of effective 
mass there gives 'tlm 
e = 3.6 x 10 
17 -1 
skg • An exact correspondence 
would not be expected, because of the significantly different 
contribution by holes'in the latter case. 
However, these two sets of high conductivity properties are SO 
similar, one set measured and one set calculated; at the same 
time the calculated set are SO far from the starting point 
(intrinsic Ge at 300K) that the high conductivity correspondence 
between the two sets encourages confidence in the calculated high 
temperature set. The high temperature calculated value of 
reflectivity R is now presented. 
8.4 R as a function of temperature 
As the temperature of germanium increases, so does the carrier 
density. The values of nand k vary, and SO does R. The subject 
of this study concerns a beam of radiation entering a'.specimen, 
..... 
and heating it up. Clearly the rate of entry of radiant energy 
depends on R; a knowledge of R versus T is important. 
It is shown here that ~s the temperature rises, the calculated R 
begins to fall at r-..J 700K, and after reaching a minimum at r-JIIOOK, 
rises rapidly tOWllr.d the melting point value ,..- 60%. The general 
form is similar to R versus Ao in the vicinity of the plasma 
edge. But of course here Ao is fixed at 10.6/m. The 
similarity is due to the fact that the plasma frequency appropriate 
to the material temperature moves through the CO2 laser 
frequency at about 1100K. This point is emphasised with a plot 
8.12 
of calculated plasma frequency versus temperature. 
Equation 8.3 - 1 is used with the calculated values of nand k 
in table 8.2 - 1. R versus T is in table 8.4 - 1, and plotted 
in Fig. 8.4 - 1. The plasma frequency versus T (calculated 
using equation 7.4.4 - 6), is shown in Fig. 8.4 - 2. 
TABLE 8.4 - 1 
Calculated Rand wr for Ge as a function of temperature. 
T R wp T R wp 
K % K % 
300 36 
-
800 34 6.3 
400 36 - 900 32 8.1 
500 36 7.3 12 1000 25 1.2 
600 36 1.7 13 1100 20 1.7 
700 36 3.3 13 1200 59 2.5 
These results are extremely interesting. The reflectivity at 
10.6~m appears to dip to a minimum (admitting more radiant 
energy) just below the melting point temperature. The carrier 
density within the germanium becomes correct for a plasma 
resonance at the CO2 laser frequency close to the point of 
melting. 
What significance would such a plasma resonance have on the 
formation of the observed surface patterns on the germanium 
laser mirror? How close really is the resonance to the M.P.? 
13 
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Fig. 8.4 - 1 
Calculated R versus T for Ge • 
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Fig. 8.4 - 2 Calculated (by equn 7.4.4 - 6) versus T for Ge 
Does wf' for the hot germanium reach as high as 28.3 THz? 
the intersection of wf' with wLASER only just occurs in 
Fig. 8.4 - 2. 
8.14 
The next sections set out to examine these points in closer 
detail. 
8.5 Analysis of plasma resonance effects. 
This section is devoted to a short extract from Moss et al 
[i-ef 4J; it is placed here for ease of reference. Moss gives 
a number of useful relationships, some presented in graphical 
form. The material is intended to facilitate discussion of the 
significance of plasma resonance to this study. 
The text of the extract has not been amended in any way; in 
particular the equation numbering and figure numbering is 
original. The extract is pages 44 - 47. 
With reference to the 5pitzer and Fan measurements Fig. 8.3 - I, 
analysis by the techniques of this section yield the further 
data:-
R 
min = 
no = 
n
min = 
>-- min = 
L..) 
min = 
0.18 
4 
2 
22.5,?n 
8.4 x 1013 5-1 
whence ~p = 0.9 c.J",;,., 
7.5 x 1013 5-1 
and w~ = 5.6 x 1027 5-2 
Me = 1.25 x 1O-31kg 
and-m"'= 0.14 
8.15 
Of particular significance is the value of wr = 7.5 x 1013s - 1 , 
which is an experimentally derived quantity. As was shown in 
table 8.4 - I, the calculated value for hot germanium of similar 
carrier concentration is t:)p = 8 x 10135-1 at ~ 900K. A later 
section refines the evaluation of ~f' and a value there is 
7.3 x 10135-1 • These facts give further confidence in the 
calculated optical properties. 
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or course has a maximum where R has a minimum-and differ-
entiate with respect to k'. To a very high degree or approximation 
a relation between k and n at minimum reflectivity is then obtained, 
namely 
k' = (II~-n')(n'-nn 
5,,2 + 31J~ - 2n~ (2.41) 
where 110 is the undispersed rerractive index and n, the index or the 
initial layer (i.e. air or oxide). 
11 shoul" be noted that neither f nor w. appear in this equation, 
so that ror any given values or no and n, one can take a series or 
values of n and calculate the corresponding values or k. From these, 
Rmiftt TWmin. and Wp/Wmin can be evaluated and curves plotted 
relating Rm1a to these other parameters. SelS of curves for the usual 
case of measurements at an air interface (i.e. n. = J) are shown in 
Figures 2.6 and 2.7t. , 
For large values of WpT, the following approximate relations may 
be derived from the condition of minimum reflection 
k~ia. = 4Rmlft (2.42a) 
nmla = I +5Rmla (2.42b) 
w' 1_5nin_ 
-- ~- = (2.42c) (I)~iD n' 0 
1'COm la = 
~-n~ln+k~ia (2.42d) 
2nmiak min 
The accuracy with which ",.I"'ml. is given by equation (2.42c) 
is better than 2% for IOORm1a .. 1'5110' an" the accuracy of equa-
tion (2.42d) is better than 5/~ for IOORml ... II~. 
From equations (2.42) the following may be noted: 
I. ~p is not identical with the wavelength of the mln,mum 
reflection; there is a correction factor which becomes con-
siderable if TMmin is small. With this correction, given by 
Figure 2.6, precise values of N Im' are therefore easily obtain-
able. 
2. T may be evaluated directly, more directly than from mobility 
measurements for example, by use of Figure 2.7. 
t AI low values of (lJT, the enct expression rBther than the approximate onc 
liven ill equalion (2.41) has been used. 
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3. The minimum value of reftectivity varies roughly as .,.-. and 
hence as (mobility)-I when the mobility is large. 
The value of the conductivity can be obtained, since 
a = Ne,. = Nil-f/m' = ~F.W~'" (2.43) 
assuming the usual relation p = nlm' for the mobility. Measure-
ment of conductivity in this manner should be particularly useful 
in studying the diffused surface layers used in the fabrication of 
transistors or integrated circuits. where it is often important to 
know the conductivity rather than carrier concentration. 
It is interesting to note that at a wavelength about 25% greater 
than the plasma wavelength the refractive index goes through a 
broad minimum (where n - n.lw .... ) and thereafter rises slowly 
with increasing wavelength. • 
When the distribution of scattering times is taken into account, 
the equations for the real and imaginary parts of the dielectric 
constant become 
(2.44a) 
and 
(2.44b) 
where the angular brackets signify averages over the.distribution. 
These averageS have been evaluated for various approximations 
by Schumann and Phillips (1967). However, for most conditions 
of interest, WT is considerably greater than unity and the W-'T- 1 
term is only a small correction. lIence, irrespective of the detailed 
scallering mechanism. the determination of N or m' from Figure 
2.6 will be of good accuracy. The effect on 211k and hence on Tt"m;. 
is significant however. Equation (2.42d)shows that T("m;. is inversely 
proportional to 2nk, so that what is actually determined by the use 
of Figure 2.7 is the reciprocal of the average ( ... -'/1 1+",-2.,.-'». 
As most of the W'O' values are large, this expression tends to 1/("'-'), 
whereas the average involved in the expression for the mobility 
is of course (T). Hence, unless the relevant ... values lie in a fairly 
narrow bracket. precise agreement hetween 'f values delcrmined 
from Figure 2.7 and from Hall-effect mobility would not be ex-
pected. . 
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When the energy bands are such that the carrier masses are an-
• i~otropjc. the mass determined from either dispersion or plasma 
reflection measurements is the conductivity mass 
31m, = I/m, + I/ml+ Ilm. 
If the energy surfaces are ellipsoids of revolution with longitudinal 
and transverse masses m, and mt this becomes 
31m' = 2/m, + I/m, 
If the E-k curves are non-parabolic, then the effective mass 
obtained is somewhat greater than that for the band edge. 
It is worth pointing out that plasma-edge measurements are 
usually made at sufficiently long wavelengths for surface elTects 
not to be troublesome and for the results obtained to agree with 
low-frequency determinations. The method is particularly useful 
for the study of highly doped or relatively impure materials. 
An extension of the treatment to cover layers buried beneath 
oxide or n-Iayers under p-Iayers has been given by Moss, Hawk ins. 
and 8urrell (I 968a). 
A comprehensive review of the advantages and limitations of 
··these techniques for studying semiconductor properties has been 
given recently by 8lack. Lanning, and Perkowitz (1970) and meas-
urements of the hole mass in CdSb have been given by Rheinlander 
(1970). Result. for both hole and electron masses in grey tin have 
been given by Wagner and Ewald(1971),whileThomas and Woolley 
(1971) have studied Ga/lnAs and InAs/Sb alloys. 
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8.6 Material total conductivity. 
In this study, one of the features of special interest about 
the plasma resonance .is the change in phase of the total material 
conductivity ~T (with respect to E.) which occurs in the vicinity 
. l. 
of the plasma frequency. The ultimate interest is to establish 
the nature of the scattering of radiation by the linear melts. 
Present indications are that the linear melts represent pools of 
germanium at or near the condition of plasma resonance. The 
magnitude and phase of the currents in these melts hold the key 
to the pattern formation. 
It must be remembered that the linear melts are surrounded by 
"normal" germanium, and the physical dimensions of the melts in 
relation to A might be expected to influence these phase 
relationships. Nevertheless the discussion for the moment will 
. be confined to consideration of an infinite expanse of homogenous 
material in which is propagating a plane wave. 
To explore the phase of the total conducti vi ty 0-'.,. in relation 
to the driving field Ei' some results are collected from equations 
7.4.4 - 11, and synthesised into:-
0;.= ()' + 
= 
= 
= L..)~f." + d w(,o l E:.~ 
0(,0 (~ "+ j (. i) = 
= ~ wf.o (f. '_ j C') 
---_.- - '6- (, - i 
= ~ I<.) f. 0 E: t 9 ..... <r~"c.l ""<"':~9 er e ; s.d7", Y."3) 
and the phase angle 'f of u.;.. wi th respect to the driving field is:-
= 
I 
E. 
-(" 
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8.6 - 2 
These relationships for germanium (300K - 1200K) are shown in 
Fig. 8.6 - 1. , " The values of E: and E: are taken from table 
8.2 - 1. When e." is negligible, the conductivity leads Ei by 
900 (dielectric case); when £' = 0, the conductiVity is in phase 
with Ei (plasma resonance condition). According to present 
estimates, this is at ~ 1140 K; the absolute value may be 
revised in the light of experience. 
But far more significant is the staggering rate of change of 
angle about the plasma frequency temperature. In just 40 K 
temperature increase, the phase angle moves from + 650 to ~ Oo! 
It is this behaviour about the in-phase condition which is of 
crucial interest in the analysis of the pattern formation. 
A brief description of the four main classes of behaviour shown 
in Fig. 8.6 - 1 follows. 
From OK to 900K, the free carrier contribution to 0-' is so 
slight that the bound electron conductivity cr'D is dOminant and 
constant at 2.5 x 104 ( -1 0 SL rn) leading Ei by 90 • 
I 
From 900K to 1100K,~ is small compared to ~D' But the net 
quadrature magnitude is falling rapidly as the inductive "current 
0''' rises to cancel dD' which remains constant at o..bo ut 
2.5 x 104 { 51.1"1 )-1. 
Over the range 1100K to 1140K, the net quadrature conductivity 
is small, and only ~' is significant, having reached about 
104 ( S2. m ) -1 • 
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Fig. 8.6 - 1 
Total conductivity phasor versus T for Ge at 28.3 THz 
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At the higher temperatures up to M.P. at 1200K, the net inductive 
quadrature current increases rapidly, as also does ~ '; this 
leads to a fast increase in total conductivity to ~ 2 x 104 
( Sl."., )-1. 
These results are so interesting, and so important, that an 
effort will be made to refine the absolute values. It is 
important to know how close to the actual M.P. the plasma 
frequency really is. 
, .
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8.7 Assessment of hole contribution. 
The material of the etalon was intrinsic germanium. Holes and 
electrons are present in equal concentration. The seperate 
contribution of the electrons and holes Will now be more fully 
assessed. This section re-examines the expressions for the 
optical parameters, and for plasma resonance. The next section 
deals with the anomalous absorption of holes. 
The work of the previous sections has to some extent merr,ed the 
electron and hole contributions in order to keep the issues 
discussed clear. This has been done by, for example, regarding 
the collision parameter 't' as having the same value for both 
carriers at any given temperature. At the same time, the hole 
The time has come to examine whether a more rigorous analysis 
produces a significant alteration of the predicted high 
temperature optical properties of germanium. The approach will 
be outlined, with most of the detail omitted. The results are 
tabulated. 
The role of the collission parameters le and l h are important, 
since these influence the magnitude of the quadrature 
conductivity ~", which Will control the temperature of 
coincidence between the radian plasma frequency w p' and the 
laser radian frequency ..)'-. The values of L are assessed using 
as the base the work of section 6.6.5 on mobility, in particular 
the equations 6.6.5 - 33 to 36. Inserting the values for 
effective mass yields ~ • 
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The values of land 11. were checked for self consistency by 
l. 
calculating ~o' and comparing with experimental values of 
0'0 as detailed in section 6.7.3 •. 
With these values of !)., l' and '1' h' the parameters 0' I, 
l. e " f. , 
cr' ", £ I, n, k, arc tan £'/c' , and wp were calculated over the 
temperature range 300K - 1200K. 
The equations for the conductivities are:-
~ = Oi e'L ( l~ Lh ) 
"". 'rII~ M~ ~ 
0" = 11, e" (Tt + 'l". 1..,,1'''~) "'. m;'U +.J' 1::;:) "l ~ (I + 
" 
~" = T1; e'2.. ('re . (.) 'Ye f- 'l'h W'() 8.7 - 1 ~ M~'; (I + w' L~') "'; (I + .s"t'~) 
The remaining relationships are unaltered. The calculated 
values for 300K to 1200K appear in table 8.7 - 1. This shows 
a great deal of change between llOOK a~1200K. Therefore table 
8.7 - 2 was constructed to detail the transition. 
Comparing these values with those obtained from simpler 
expressions(table 8.2 - ~, the following pOints appear:-
a) the general pattern of behaviour, and appro~imate magnitudes 
remain the same, 
b) the absolute values obtained for 0' I and 0-" are a few 
percent lower. This would be expected. 
c) consequently, the calculated temperature T~ for concidence 
of o..J and u)~ is really indistinguishable from the M.P 
tempeFature (shown on the table as ~ ll90K). The error 
band applicable to these calculations means that it cannot 
be predicted with c~rfainty whether the co-incidence of w~ and ~~ occurs De ow, at, or aOove M.P. temperature. 
---- -
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This last point is of considerable importance to the analysis 
of the pattern formation, because of th~ v~ry rapid change in the 
phase relationships around -reo This matter will be taken 
up again later. 
The plasma frequency may be calculated in terms of n, and '1' • 
The radian frequency Wf may be calculated for a lossless 
material using equation 7.4.4 - 1. 
In the case of a lossy material, i.e. a material with a finite '"t', 
the equation must be modified. The approach is to equate the 
net quadrature conductivity to zero:-
0']) = (J"' " 
2-
"'t' wr't l.\E..i: .. 'c \'l,e 7.4.4 - 13a = 
Mo 1"1)" (\ + w"1'1.) P 
It will be seen that this reduces to equation 7.4.4 - 1 if 
W f' 1:: '>;;;- 1 (which means that the loss at ur is very small). 
To take account of electrons and holes seperately, equation 
7.4.4 - 13a may be written:-
8.7 - 3 
It was pointed out in section 7.4.4 that a plasma resonance can 
only exist if for the terms in 8.7 - 3 the L.H.S <: R.H.S at 
low frequencies for which t.) '"C «1. Putting this condi tion 
into 8.7 - 3 and approximating accordingly:-
-- --
-- ---- ----
- --
-----
------
----
------ -
8.24 
< (l. l + '"(,1.\ Yf): / __ 8.7 - 4 
It may be shown using the data of table 8.7 - 1 that below ~ 600K 
for intrinsic Ge, a plasma frequency does not exist. The most 
significant factor on the R.H.S of equn. 8.7 - 4 is 
which must exceed a threshold value for a plasma resonance to be 
possible •. 
For temperatures above 600K, equn 8.7 - 3 has been solved for 
Wf using an iteration technique; IJpis shown plotted in Fig. 8.7 - 1, 
and tabulated in Table 8.7 - 1. 
In this section it hasbeen shown that accounting more rigorously 
for the hole contribution raises the level of complexity of the 
expressions to a marked degree, while the change in absolute ... 
values calculated is quite small. 
But one of those changes is of intense interest; for now (Jr 
becomes equal to "'L. at or near the M.P. of Ge. The total 
material conductivity moves into phase with the driving field 
just as the Ge melts. 
The process of extending the range of modelling by calculating 
the optical properties hasnow been carried to the limit of its 
usefulness. Further refinement of this investigation would 
have to be accomplished by feeding in experimental data. 
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8.8 Anomalous absorption by holes. 
The Drude-Zener expressions provide a good description of n-type 
materials. But holes may be excited from the heavy to the light-
hole band by photons at A.= 10.,"1. The consequent absorption by 
holes is at least an order of magnitude greater than that predicted 
by Drude. This must be taken into accountif the material is 
intrinsic. The absorption by holes is so large that it effectively 
swamps the electronic absorption. 
Capron Brill (ref ta) measured the absorption coefficient as a 
function of material conductivity for both n-type and p-type Ge. 
Their graphical results are shown Fig. 8.8 - 1 • 
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These results were given a theoretical framework by Bishop & 
Gibson (ref. 13); their graphical results are displayed in 
Fig. 8.8 - 2. 
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They express the absorption cO,efficient 0/.. as the sum of the 
lattice phonon absorption o<r and that due to the free carriers:-
= 8.8 - 1 
----
Ne and Nh are the number densi',ties of elctrons and holes 
respectively, and Ae and Ah are the absorption cross-sections 
for the carriers. 
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The propotionality expressed in equn 8.8 - 1 of the absorption 
to number density is well established experimentally (for example 
ref. 15). The line on Fig. 8.8 - 2a is a computer fit of 
equation 8.8 - 1 to the experimental points of Capron and Brill. 
The process yields the values:-
O<p 
-1 
= 0.013 cm 
Ae = 0.15 x 1O-16cm2 
Ah = 6.5 x 10-
16 cm2 
The values are for Ge at room temperature (ref 12). The hole 
absorption is ;> 40 times that of the electrons. ·Some previous 
work had suggested a factor "" 20 times. 
With these values for equation 8.8 - I, and using Ne = Nh = ni 
for intrinsic specimens, the coefficient of absorption may be 
calculated as a function of temperature. The results are in 
table 8.8 - 1. The values of ni are those of table 8.7 - 1. 
Also shown are the values of 0( and k derived from table 8.7 - 1 
for the purposes of comparison. 
~BLI: ~-'l- i 
I' nl' PRuDt;; 
k C"",-3 at:. -I M... 
300 2·Lj- 13 b.O 
-z S.I 
- -
4.00 "b IS 6,9 0 5.~ 
--
500 2.3 'b I· 4- 2 r .'2. 
boO , ,It 11 ,.1,. 3 '.2 
'100 5·3 17 7.,) .3 6.1 
q, O"D 
'·5 18 3.2 4 2·7 
l:) 00 30$ ,g I, I 5 '1·0 
1000 7.0 ,g 3,' 5 '2.b 
1100 I, '2. 13 ~.3 5 '1.0 
1'200 2./ I~ :J.S b 2.1 
" 
I3./SHO~ ANo Q. la Se> '" 
k ~ Mo-I k 
-8 'Z.'l 0 2,4 -b 
-& ,./ Z ~,I -5 
--
-4 1.5 '3 I:! -3 
-3 9,3 3 '7.() -3 
-3 3·5 4 ~.o -2 
-2 1.0 5 ~·4 -2 
-2 2,3 5 2.0 -I 
-I 4-:1 5 3.,~ -I 
-/ g.o 5 {,·7 -I 
0 /./r ~ , ,'2 0 
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It is interesting to note that at room temperature, equation 
as 
8.8 - 1 yields '" much larger than the Drude theory ~ has been 
discussed. But at high temperatures the two approaches 
yield closely similar values for cl. At room temperature, 
equation 8.8 - 1 may be taken as reliable, since it is derived 
directly from measurement. But there is no information to hand 
concerning the temperature dependence of ofp , Aa' and AI-, , 
which were used as constants. Bishop and Gibson (13) note that 
the dependence is slight, and quote three further references in 
support. However their interest was over the narrower range 300K-
350K only. 
On the other hand, the Drude results fully took account of 
changes in 1:' with temperature (in SO far as data permitted). 
There is one other factor to note. Gibson, Rosito, Raffo, and 
Kimmitt (ref 14) showed that the absorption of p-type Ge at 
10.6;",( >-0) saturates according to 
I )-' I + - __________ -"8.8 - 2 
Is 
where Is "'" -2 10 MW Cm at room temperature. The area average 
of the peak power of our laser was 5 M0 cm -2. 
The saturation effect is due to partial depletion of 
hole band if the radiation is sustained longer than 
the heavy 
-11 10 s or 
-6 Our laser pulse duration was 10 s. It might be expected that 
following depletion of the heavy hole band, the absorption 
would revert to that predicted by the Drude expressions. 
so. 
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It would be unwise to attach too much weight to the coming 
together of the high temperature oL data derived by the two 
different routes. Clearly there is the benefit that no decision 
between. the two sets is required. No further improvement may now 
be aChieved until new experimental data is to hand. These high 
temperature data will be considered as satisfactory for the 
present purpose. 
As has been pointed out, the critical phase of a thermal runaway 
will be at the lower end of the temperature range, say 300K-500K. 
The equation 8.8 - I describes this range well. Above 500K, the 
runaway model solution is expected to be relatively insensitive 
to ~, so that the tolerances discussed will be quite acceptable. 
8.9 Reflection and transmission 
The work of section 7.5 is used here to calculate the reflection 
and transmission characteristics of a single surface of Ge over 
the temperature range 300K - 1200K. The results are talbulated 
for the purpose of model assessment. 
It will be noted that over the sensitive temperature range 
300-500K, the reflectivity R is essentially constant. Further, 
just as the M.P is reaChed, R is reduced, allowing the incident 
radiation to more effectively transport energy into the material. 
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Table 8.9 - 1 
T n k R .reo e ~ 90;" ;tio ~,£o 
K % DEG DEG D£e 
4·0 5 -~ 3(, O·~ leo b -1 ,. " f"_LL of." 300 (J·lt .2. -1 
400 4·0 t -L "?~ D-b lib 0.1t- '1 -5 /. ~ 2 -5 
500 1+.0 / -~ 3(, Cob IW 0:39 1 -~ I. (, 3 -It 
boo 4·0 1 -3 3b o-~ 1£0 o·1t I -2 I.~ It -3 
'100 ~.':l 'I -3 35 C.h leo D·1t ~ -2 1.5'3 2 -2 
~co 3·'6 3 -2 3't o·S~ Igo o· '+-Z o·~ 1.5~ 2 -2 
'00 3·b <) -z 32- o·s{, '19 0·1+-4 /.j '.51 0·3 
1000 3.1 o .'~ -;.1 O·:3Z '11 0.,..9 3·" 1·:51 I' Z 
/100 2./t 0·1 ,0 c.1tS /{,5 0.5£ 11_ b 1.1+4- Jr. (, 
/ j/ 0 2·3 o·~ ,0 0.'1-5 Ib I C)·59 /4 I· *"3 5.') 
fl2.D 2·2 0·9 '2.1 0./f.5 15~ c." / '1 /·4-3 (, .1-) 
1150 2·1 /·0 Z I 0·46 '5£ 0.(.1 IC /.4-3 'I ,-.:J 
/(1j..O 20.0 I· I 22 0.4-1 153 o.bZ 'lo /. 't3 9.·4 
/150 2·0 I- 2. :Z3 0.4-2 151 0.63 22 1.44- 9· It 
. "LO I·~ I· 4- Z1 0.52 l4.fl 0.63 2.b /.4-b I t 
tl10 l.gS 1·5 213 0.54- 1'+1 0.62 2g /.1/1 11 
112.0 I. '6 ,- {, 31 o.s~ I If. r O.U 30 '.I/~ '2. 
090 1·8 I.~ 35 0.59 14- {, 0.', 33 1-53 /z. 
1200 I. '1 2,·1 ~z 0'''6 ,'''(;, O. S';j 3C '.sf 13 
12,10 I· 'l 2.. ( 4-2- 0·105 1'1-6 0.5'3 3£ J.5b 13 
------------------------ - -- ----
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8.10 The working field strengths 
The Ge etalon, as part of the CO2 laser cavity, supports standing 
waves at the lasing frequency. Consequently the field strengths 
are periodic through the thickness of the Ge window. The heating 
to which it is subject is therefore also periodic, leading to 
the possibility of local hot regions, and local regions of thermal 
runaway. When melts occur, the electrical properties which then 
pertain will scatter the incident radiation strongly. 
Therefore the typical field strength magnitudes are assessed in 
this section. The assesment is based upon an output intensity 
of 5MWcm-2• This value was the peak output power averaged over 
the 4 cm2 beam section. 
The assesment is recorded as diagram 8.10 - 1. 
The calculated values are obtained using the work of section 
7.5.6 dealing with multiple reflections. The values shown 
are net. 
The upper diagram 8.10 - 1 concerns energy transport. The lower 
diagram records peak electric field strengths, taking into account 
thestanding waves in the cavity and in the etalon. The field 
at the exit face is some four times that at the laser cavity 
face. 
Just inside the cavity face, 0.625J<~ deep, the field strength 
has the larger value .v 6 x 106 Vm-l • The antinodes represent 
regions of local heating, and possible thermal runaway. 
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8.11 The value of q 
v 
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The heat source qv Within the Oe is required by the equation 
6.3 - 4. The source of energy for qv is the radiation. 
Expressions relating qv to the beam parameters I or E·o , and to 
any of the material absorption parameters £", (J', k, and 0.::: 
are required. A range of suitable expressions 1s noted. 
The beam intensity I, and the peak electric field strength Eo 
are related:-
I = 8.11 - 1 
The energy deposited per unit time per unit volume 1s:-
I, ) 
A dl=(Iz-I.) 
heat deposited per unit time 
qv = 
volume of deposition 
dI. A elI 
qv = =- --A d"tJ dff" 
f!:v = -(-cd) 8.11 - 2 
2 
qv = 0<... .!l E. 8.11 - 3 I 
10 2. 
/..1l' k (') £.2-
qv = 
Ao 10 2 
qv = 7l 
E:: 'I £"2 (since 2nk =£ ,,) 
>.. 0 10 
I I substituting E.." = -.SL and = W 
..lEo Xo 2~ Co 
qv = ~' E2 • 0 
£0 c. 1. 2 
0--' Y"l Eo'-qv = .. _-~o Co n 1- 2 
qv = 0<... I 
Thus closing the circle. Equation 8.11 - 6 contains 
expressed. In te,.ms or cr~ 
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8.11 - 4 
8.11 - 5 
8.11 - 6 
8.11 - 2 
I £2 
qv = 0' 2" since E:oc, la !!i 1 _____ 8.11 7 
8.11 8 
--------------------------. 
An alternative way in to these last ·two expressions is:-
(generalised meaning of €) 
, 
€.." ) ~= J . ..., €..D ( E:.- J 
.. , , 
0' -JO' = J...J£",E:.+ <.) £0 €." 
Dealing wi th the dissipative terms:-
r' = 0--' [ = LJ£ol:: /I £ 
= 
__________ 8.11 - 7 
_________ 8.11- 8 
= . 
Eo2. w£.o .'2 (1 k 
2 
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_________ 8 .• 11 - 4a 
" ' Note that in the general case, £. and er include any dissipation 
r ,If by the bound electrons (described by ~_ ) . 
An armoury of qv variants has been assembled to facilitate the 
selection of a suitable form at any stage of modelling. 
8.12 A preliminary evaluation. 
Some initial ~uantitative estimates of likely heat flow rates, 
and minimum intensities required for the observed heating are 
now possible. These are examined at ~his stage for general 
guidance concerning realistic orders of magnitude. The 
evaluations are made under the assumption of quasi-static 
conditions rather than transient conditions to obtain straight 
forward estimates. 
Consider first the heat balance for a newly created melt at 
or near the cavity face of the mirror during a short laser 
pulse. The melt proposed is about i),'" thickness, and surrounded 
by room temperature Ge. The rate of heat loss by thermal 
conduction is estimated. 
l'2ooK 300K 
Q 
.. 
de 
d~ 
(1200 - 300) 
= 54. ____ _ ~K' ~J 
The beam intensity, averaged over the beam X-section, was 
5 x 1010 ~/m2 when at its peak. This result would suggest 
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that if a melt of the proposed dimensions did form, the beam 
would just sustain it against re-freezing; that is, until the 
pulse peak passed, when solidification would rapidly ensue. 
To estimate the time for solidification, assume a melt of the 
dimensions above. If the laminar melt area is 1 m2, the 
latent heat of fusion is:-
Of= (N.Lf 
= 5.3 x 103 x 1 x 10-6 x 4.8 x 105 
= 2.5 x 103 J 
With an area for heat conduction of 1 m2• At the heat loss 
rate previously estimated, the time for solidification is the 
time required to remove this heat:-
t 2.5 x 103 = 
5 x 1010 t ;/sJ 
t = 5 x 10-8 s 
So that re-solidification takes place during the laser pulse, 
bvt after its peak power has passed. The pulse tail is well 
over N ~s long. 
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Now the rate of heat input will be examined to estimate miftimum 
intensity levels that could raise the temperature quickly enough 
to produce melting within the laser pulse time profile. 
Clearly from the previous estimate, if the beam power of 
5 x 1010 ~/m2 is totally absorbed within the lamina, melting 
-8 would be complete 5 x 10 s after reaching 1200K. This would 
imply an absorption coefficient at 1200K which would reduce the 
radiation amplitude to ~~ of its entrance value in a depth 
~l 1 ._~(lElm). ~e_~nOe.r9gy deposited within the lamina would be 
~ ~'- of that available. This requires 
Ao 
= ------
10.6 x 10-6 [;] k -
271: 
k = 1.7 
Consulting table 8.7 - I, at 1200K the value of k shown is 2. 
Given that no allowance is required for heat loss, then the 
pulse profile of the laser used would produce melting; allowing 
for heat conduction would mean that there would not be alot 
of power to spare. 
Starting the heating process from a uniform mirror temperature 
of 300K requires a very rapid rate of temperature increase to 
reach M.P. within the time available. 
dQ 
dt 
At 300K, r 
c1T 
cif. __________ 8.12 - 1 
; C = 310 J/kgK. 
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Some representative rates of temperature rise are listed:"-
Table 8.12 - 1 
dT dT ~ 
dt dt dt 
deg/s W/m3 
1000 deg 108 1.6 x 1014 
-_ 10)-'5 
, . 
109 x 1015 1000 deg 1.6 
: 1)"5 
1000 deg 1010 1.6 x 1016 
0.1,.,....5 
The beam intensit,e.s(expressed in terms of peak electric field 
strength Eo within the G~required to produce these heating 
rates are listed below. The rate of absorption of energy from 
the beam depends on cL ,which is itself a function of material 
temperature. Therefore the required intensity for the specified 
dT/dt 
1000K. 
is recorded for material temperatures of 300K, 500K and 
The values for ro and C are, however, the same throughout, 
appropriate at 30OK. 
TA13L.E: <6 If) -'2. 
. -
d.T clQ 1?~Q""A.EO F;e.....o INr6,..,'S' .... y Eo Y/m 
--
o(t cit Il'7/iTtDQI .... L -;-11,..., P K 
k'/S W/h1 3 300 5DO 1000 
log I ,. b ILt 1.0 S Jr.5 (, .'1''7 s 
-r 
10"" !-(., /S :?" '2 R 1,4- 7 9, , :5 
10'0 
" b /(, 1.0 9 4,5 '1 .2'~ ~ 
cJ.. - , 
I 
2.'} 0 1,5 S m 3 Jr'7 
r') 4 4 3·/ 
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Equation 8.11 - 3 was used with cl.. taken from table 3.8 - 1. 
Inspection of these estimates reveals that the field strengths 
available within the Ge ( rv 6 x 106Y/ m - based on measured peak 
power averaged over the beam X -section) are 
a) about 50 x too low to get a runaway established. This is 
based on the idea that an initial dT/dt in the order of 
100 deg/o.l./s ,which implies Eo r..J 3 x 108 V/m,is required. 
b) Sufficient to produce melting and maintainance against 
conductive heat loss once thematerial reaches T ;>/ 1000K, given 
that the field E -v 6 x 106 V/m is still available. But of 
o 
course the formation of a melt would destroy the standing wave 
pattern upon which the estimate of Eo is based. 
Picking up this last point and digressing for a moment, it is 
unlikely that the changes in the mirror condition would cause 
the lasing action to cease around the locality of a melt. As 
Viewed from the cavity side, the reflectivity is likely to be 
high, especially if a melt is formed, in which case the liquid 
Ge properties become "metallic". The constraints on the 
oscillation frequency become relaxed due to the number of 
reflecting surfaces involved being reduced. Within the etalon, 
the standing wave pattern will subside due to the absorption 
of energy forward of the final surface, the exit face. There 
is on melting some surface deformation, but this is unlikely 
to be decisive in locally stopping laser action. 
The author therefore considers that the required high gain of 
the laser cavity is maintained despite the mirror melts 
developing. Using a reverse argument, if the case were otherwise, 
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the loss of intensity as the cavity died around the impending 
melt would ensure that melting never took place. Suffice it 
to say that melting does occur, as the micrographs reveal. 
Returning to the information displayed in table 8.12 - 2, and 
the apparant inability of the available field to produce the 
observed runaways, one or two points are worth making. 
First, the 5 Mw/cm2 peak power is an average over 4 cm2 beam 
X-section. That there were 'bright spots' is clear from the 
"pulse-prints" taken. Could these high spots have been 
(average x 50)in strength? 
To support the suggestion that the local peaks may have been 
50 x the average, it will be recalled that the evidence deduced 
from the detailed examination of many micrographs was that 
the areas represented a threshold situation. The fact that 
2 the area of damage was very small (c.r. 4cm ) means that the 
average is likely to be substantially below the local highs. 
It is thus argued that the values shown in table 8.12 - 2 
are consistent with the observations made. 
This section has performed an interim examination of magnitudes 
involved in the present study, and found a high degree of 
consistency between the mathematical model operated with 
order-of-size precision, and the observed facts of etalon 
damage. 
In particular, there is support for the idea that the damage 
areas occurred in regions of field strength only marginally 
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able to produce observable effects. Recall that it was 
estimated that some 105 pulses were produced before the damage 
was examined. 
Again, the concept of the linear melt being just produced, 
with re-freezing taking place during each pulse, has been shown 
to be quantitatively consistent with the known experimental 
parilmeters. 
It is consequently worth pursuing the more detailed solution 
of the many aspects to which the model here constructed has 
relevance. 
8.13 The Surface wave 
It was proposed in our publication (ref. 16 ) that the surface 
pattern component with a periodicity of 10.6 y-~ originated from 
an interference between an inhomogenous e-m wave travelling over 
the surface, and the main laser beam. A quantitative assessment 
of this proposition is made here under certain simplifying 
assumptions; the optical parameters used for Ge are those 
deduced in this etudy. 
It has been seen in the preceeding sections that the optical 
I " properties of Ge, in particular E: (= £ - JE ), vary over a 
very wide range as the temperature increases from }OOK to 1210K. 
I 
For instance 6. goes from 16 -- 1.4, while CL" goes from 
..;.6 ~10 - 10 ••• a range of 7 orders of magnitude. It might 
be expected therefore that the characteristics of a surface 
wave supported between free space and such a Ge surface would 
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also vary widely. 
Yet, for the proposition to be tenable, the wavelength of the 
surface wave as measured along the interface has to be close 
to the free space wavelength Ao. That this should be SO over 
such a wide temperature range would seem very unlikely. But it 
may be assumed that the sculpturing of the surface can only 
commence when the surface is thermally softened - at least 
plastic. That is, interest in the surface ·wavelength Az is 
greater at temperatures near M.P. 
Another characteristic of interest is. the magnitude of the 
field component in the direction of propagation E
z
, the component 
which. will produce the interference with the main beam field. 
To underline the worry about E
z
' if the Ge surface becomes 
"metallic", and the field lines "straighten up" to become 
perpendicular to the interface, then E
z 
would be zero, and 
there could be no interaction with the main beam of the proposed 
type. 
Any surface wave is guided along the interface by virtue of 
the energy dissipated in one (at least) of the media. Of 
interest to this study is the distance along the interface 
zd required for the amplitude of the wave to decay by the 
factor lie. 
The .work of section 7.6 is used to evaluate the quantities of 
interest. 
The model considered is that of a boundary infinite in extent 
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between two half-spaces. On the one side is free space, and 
on the other Ge uniformly at a specified temperature T. The 
direction of propagation is Oz. 
y 
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and 
-1 = 
= 
;;? "- f" 
For the free space side of the interface:-
k. = fo 1. 
J(C'+ I ) - j E" 
And on the Ge side:-
• 
k~e. = ~ E:'-j~" 1°";(£.'+1) 
- j c" 
The seperation A x perpendicular to the surface of pOints of 
equal phase is:-
= 
And the depth of 
= 
= 
27r" 
k' -, ro i< 
penetration )(d is:-
j 
k" = 
i 
~o k 1/ 
I 
. All the quantities of interest are evaluated from (€. - jell) 
2 
for Ge. The values fol' £ are taken from Tables 8.7 - 1 and 2. 
This does not take into account the topic of section 8.8. 
However, the behaviour at the elevated temperature of interest 
is not likely to be unduly sensitive to the exact value of f 11 
as will be seen. 
The values obtained are shown in tables 8.13 - 1 to 3. 
The most eXCiting, and most astounding feature is the constancy 
of the surface wayelength Az • In particular, at and around the 
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M.P. temperature, the value of 3 ~ 1.0 giving a surface 
wavelength of" Ar = 10.6~m. Examining the expression for 18 
it is seen that the magnitude of i£l is large compared to 
1 (= £ for free space), so -, that /3-1 
/ 
small. This result leads to an exact 
and f " remains fairly 
value A.= 10.6r ", for the 
author's Ge model. This is in accord with observation. 
One may reasonably generalise this result. For any material for 
which l£I» 1 at or.near its M.P., the interface wavelength 
AwOf a surface wave == ~o. This is probably true for a large 
number of semiconductors, and it is certainly true for metals. 
This result is unexpected in this sense. It might be pondered 
"why does Az appear to depend predominantly on the properties of 
the free space side of the interface, and appear almost independent 
of the properties of the lossy dielectric?". In fact, it turns 
out to be exactly the reverse. The expression for I is 
symmetrical in €, and [2 as would be expected: but the very 
. large value of 1£1 for the lossy dielectriC dominates 
- f 
which in turn leads to. t ""1, and 
One other feature will be noted here. The ratio of Ex/Ez is 
important to this study, because E
z 
has to be substantial to 
support the proposition. Therefore, the closer Ex/Ez is to 1, 
the more effective will E
z 
be. If Ex/Ez...-cC, as in a metal, 
E
z 
could not produce substantial results. 
It will be noted that the Ge model shows a value of Ex/Ez more 
favourable to our ,damage hypothesis at M.P. than at 300K. 
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Again because of the behaviour of metals, this result was 
unexpected, but very welcome. The ratio reaches its optimum 
value at -~ 1150K, around the onset of plasticity, when the 
effect of E
z 
will be greatest. 
The value of Ex/Ez is surprisingly constant over the full 
temperature range ... 4-2.3-2.7. This is due to the relative 
con~tancy of lE:) for Ge. As €.' reduces toward zero, E:. 11 
increases to compensate, as it were. This property of 1£1 
ensures a substantial component of E
z
' 
The results obtained in this section ~oncerning the properties 
of surface waves over Ge are consistent With the-_propos1tion 
relating to the lO.6fm pattern observed. 
8.14 Damage at the entrance face. 
The damage studied here occurred almost entirely on the entrance 
face of the Ge mirror. This needs discussion. That laser damage 
'nearly always occurred at the exit face of a transparent material 
was the subject of several papers (refs 17,18). 
, 
This aspect is difficult to deal with quantitatively with the 
i 
data presently to hand. But eyen ,though the significance of the 
, 
; 
three proposals to be put forward cannot be adequately evaluated, 
they are nevertheless recorded. 
i 
I 
When'a component is external t~ the laser, the reflected and 
I 
transmitted field are such tha~ those at the exit face are 
larger than those at the entra~ce face(ref. 18). 
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When the component is active in the laser cavity, as is the 
Ge mirror, this is still true (see Fig. 3.10 - 1). The entrance 
face field in our lacer was ~1.5 x 106 V/m, and the exit face 
field was -_ 6.1 x lo~/m. Yet the damage was at the entrance. 
Three suggestions are offered. 
The first is that the damage does not start at the surface, but 
at the electric field antinode 0.625 u,r. below the surface 
/ 
(see Fig. 8.10 - 1). The damage might be expected then to 
spread forward toward the entrance face as the Ge becomes opaque 
This suggestion begs the question. Tne field strength at the 
sub-surface antinode is M 6 x 10~ /m, as it is at all the other 
antinodes, including that at the exit face. One may sidestep 
it by arguing that as each antinode becomes more absorbing With 
rising temperature, the positive feed-back mechanisms at work 
ensure that the leading antinode is rendered more absorbant, 
while deprived of illumination, the others fail to grow. 
The second suggestion is to note that the incident field on the 
entrance surface is "> 107V/m (Fig.8.10-1). This might be 
expected to penetrate at least the first few layers of Ge atoms 
before the reflected field is fully called into being. The 
absorption of energy in the surface layers would be larger, and 
, 
because of the relative thermal isolation, vulnerability to 
damage would be consequentlY at the entrance face. 
An extract from Moss (ref 9) is quoted here to support the pOint. 
APPENDIX A 
. THEORY OF TRANSITION LAYER AT 
INTERFACE OF TWO DIELECTRICS 
TilE experimental roult that when plane parallel light is renected (rom a 
dielectric at the Brewster angle it is ellipticaJly polarittd. to a slight degree, 
can be explained by the prnence on the surface of the dielectric of a thin 
transition layer, within which the dielectric constant changes continuously 
from its value in the first medium, t 1• la that in the second medium. Et" It 
has bttn ,hown by Drude (1902) that the ellipticity at the Brewster angle 
(i.e. ratio ofwavc omplitutlu) is given by 
P """ ~~ + 1',)111 f.%-' (,; - 1:.)(1 - E.) dx 
A(El - E,) a-O I: 
where I is the layer thickness. 
Consider the case for heavy Aint glass (for whi("h El = 3), with e. = I 
for air as the fint medium. where it is found experimentally that p = 0-03 
in the visible ~on. It is reasonable to assume that the dielectric constant 
will vary monotonically in some sigmoid ruhicn, and wc will assume for 
convenience that I = 2 - COS ffx/l. Evaluation of the integral gives 
p = 0·8511A so that the observed value p = 0·03 corresponds to IIA = 0·035 
or a transition layer -A/3D thick. 
An indication of the clTect of assuming different laws for the variation 
of f. with % is given by taking the maximum possible value of the integral 
for p, which would occur if throughout the whole of the tramilion layer 
l = (t1l.)lI1. For the parameten used above this extreme case gives 
1/). """ 0·018 or I >= ),/55. h another example, a linear variation throughout 
the transition layer gives p = HilA or IIA = 0·027. 
The third point is to observe the fact that immediately 
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preceeding the radiation, the light from the T.E.A. discharge 
falls on the entrance face, generating photo-electron-hole pairs. 
If still present in appreciable concentration when the cavity 
gain reaches threshold, the absorbed energy from the beam must 
be greater at the entrance face than else where. The positive 
feedback mechanisms would then easily ensure damage was at the 
.entrance, and not at the exit. 
The damage did occur at the entrance face. The material Ge is 
a semi-conductor. The author ~ould further explore the last 
suggestion, preferably by quantifying the enhanced photo 
absorption experimentally if further resolution of the point 
were required: 
8.15. Conclusion.to Chapter 8. 
The purpose of Chapter 8 has been to construct a model to 
represent the Oi!t:l,cal behaviour of Ge over the temperature 
range 300K-1200K. To achieve this, magnitudes have been 
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assigned to all the parameters of optical interest. The 
\ frequency of relevance is 28.3THz ( ".= 10.6;",,). 
The assignments have been based on a combination of experimental 
data, and theoretical framework. 
The main experimental data base was the conductivity 0'.= cr"(T) 
over the full temperature range. Behaviour of mobility ~ = ~(T), 
ni = ni(T) and momentum relaxation time 't'= ~ (T) were also used. 
The Drude-Zener theory provided the required optical parameters. 
Validation of this model was sought· by using it to calculate R 
versus ~. for a heavily doped n-type Ge specimen. Very good 
agreement with published experimental data was obtained. The 
Drude-Zener description is very good for electrons in Ge. 
To account for the hole absorption, published experimental and 
theoretical material was used. For holes, the Drude conductivity 
mechanism is swamped by induced transitions between the heavy 
and light hole bands •. This' was taken into account over the 
lower range of temperature }OOK - 500K, by using an empirically 
based formula due to Bishop & Gibson, which provides a good 
description of 0( for intrinsic Ge. 
The situation above 500K is less certain. But for the modelling 
purposes of this study, it is thought that the solution 
sensitivity to 0( will not be high in this range. It was 
shown that absorption of CO2 laser radiation in Ge at M.P. 
temperatures would be within a penetration depth of ~ 7""' using 
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model values. This is in accord with observation. It is 
believed that the model is adequate over the elevated temperature 
range for the intended purpose. 
A calculated R versus T was displayed in Fig. 8.4 - I, which was 
based on Drude. If the extra hole absorption is taken into 
account, the reflectivity dip is in all probability smeared out. 
The effect of this would be to make R essentially constant over 
most of the temperature range, With a certain rise to 60-70% 
in the liquid phase. The constancy of R means that the Ge model 
will be insensitive to R =R(T) over all but the top end of the 
temperature range; for a radiation intensity near to that of 
damage threshold, the increase of R in the molten state may well 
prevent enough energy being admitted to sustain a melt. An 
equilibrium may well be set up Vlith the Ge maintained in a 
solid/liquid transition condition.' This possibility could be 
crucial in the pattern formation mechanism. 
A further detail of great importance is the phase relationship 
of radiation scattered .by the linear melts to that of the main 
beam. The model suggests that the Ge around M.P. temperature 
is in a condition of plasma resonance. The cO-incidence of the 
model predicted temperature (1l90K) for :..Jp = <J L. With the M.P. (1210K) 
is so close that it is impossible to predict With certainty which 
side of the M.P. the resonance really occurs. 
But Fig.8.6 - 1 shows how rapidly the phase of the total 
conductivity ~ changes over a,few degrees K in the region of 
plasma resonance. For the setting up of stable interference 
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patterns of the type that could sculpture the Ge surface with 
the observed pattern, the temperature at which this phase change 
occurs is critical. The model places it precisely correctly -
just below the melting point. An experimental confirmation 
would be very significant. 
Finally, an exciting result concerning surface waves was obtained. 
The surface wave plays a vital role in the proposed hypothesis of 
surface pattern forma~ion. But a necessary requirement was for 
the wavelength of the surface wave measured along the interface 
to be ",.A. With €. I for Ge dropping toward zero as T -1200K. 
o 
the fulfillment of this requirement se.emed an unlikely prospect. 
But the full calculation using the model data showed that the 
surface wavelength at T=1200K was exactly Ao. The experimental 
confirmation of this result would appear to be the patterns 
themselves. 
This chapter (together with Chapter 6 and 7) now completes the 
data base describing the relevant physical behaviour of Ge over 
the temperature range ~OOK-1200K. All the elements required for 
the numerical solution of the partial differential equation 
6'.3 - 4 are now in place. 
Section 9 Conclusions 
This projec~ has provided a wide range of experiences. 
To list them all would be too extensive, but one or two 
, 
, particular aspects will, be, remarked upon. The work to date 
~s briefly'reviewed, followed by indications of future 
directions in which investigation might continue to progress. 
But first, a general comment concerning the style of this 
thesis is made. 
The text reflects some of the twists and turns that the work 
has taken. Because of the part-time character of the work, 1t 
became apparent that it was essential to produce the final 
record secti'on by section at suitable intervals throughout 
the project period. The style at any point in the text 
reflects the state of development at the time of writing. 
Refer/nces are, given at the end of most chap~ers. To conform 
to usual practice, these are collected and presented again at 
the back of the thesis. 
Looking back, some of the earlier material now appears rather 
primitive; the other side of that coin is that considerable 
conceptual development has taken place, and new skills have been 
'aquired and developed. A contribution has been made to the 
scientific literat,ure and to the understanding 'of laser 
interaction, wi th matter. A brief review of the achievements 
and aspirations of the work is now presented. 
The work is, of course, completely open-ended; there is no 
defineable "end", no point at which the investigation can be 
tidily closed. This is being written shortly after .the opening 
up of a whole new line of enquiry following directly on 
the results of the work so far completed. More of this later. 
This opening up of avenues of enquiry has typified the project. 
~t the outset, there was never any suspicion that considerable 
effort"would be devoted to understanding the thermal dependence 
of the optical properties of materials, of semiconductors 
especially, of germanium in particular. No suspicion that 
the knowledge of radio engineers relating to antenna systems 
and e -m field propagation would be gleaned for assistance. 
(That "this source was of value in solving an optical problem 
is a testimony to the power of Maxwells' work!). No suspicion 
that numerical methods for the solution of partial differential 
equations would be studied. Yet this is what has happened" 
during work which at the outset was defined in terms of the 
design and qevelopment of one of the latest in the line of 
laser species;which at that time was a T.E.A. laser. 
A major time element (2 years) was devoted to the design and 
const"ruction of a T.E.A. laser capable of substantial pulse 
! 
I , 
energy. The designs produced were at the time alongside the most -) 
advanced available. The first model was a pin-bar design, 
which was quickly superceded by two Rogowski profile designs 
developed in close collaboration with S.E.R.L •. 
As laser Mk III was run up and optimised, th"e damage patterns 
on the output mirror were first observed. They were to change 
the whole direction"of the work. Even though very little 
diagnostic capital equipment was available, a detailed 
examination of the areas of damage enabled a time history of 
the stages of damage developme'nt to be postulated. This was 
described in the attached publication of 1975. To achieve the 
hypothesis, a nu~ber of important deductions were made from 
the visual evidence, all of which have been borne out by 
\ 
sUbsequent work with many diverse materials over the last 
\ 
several years~ 
Incidently the level of interest in these damage patterns 
has greatly increased recently due to the desire to process 
semiconductors for device manufacture by laser annealing. The 
ripple patterning has been manifest as concentration variations 
of the dopant material - asually undesirable. 
A few of the deductio~s made from the early photographic 
examinations will be recalled. 
1. Damage patterns only occur in regions where the incident 
energy is at the threshold of material damage. This feature 
,. is now widely accepted. 
2. The damage pattern results from optical interference. 
3. The surface profile is the result of a cycle of melting and' 
refreezing (fully described in enclosed publication). 
From the damage photographs it was predicted that germanium 
expands on freezing - later confirmed from published data. 
4. The melt cyCle permanently increases the local conductivity 
of the cycled material. Da mage is able to build up 
cumulatively over 105 pulses or so. 
5. The pattern builds up in a step by step manner, each new 
-- -~--- ------ --- ---- -.--- -
I 
I 
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feature location influehced by its immediate neighbours. 
The result is an orderly pattern extending over very consider-
able areas. The pattern building process is rather like that 
of building a wall with bricks. 
6. Beam polarisation had to be postulated as an essential 
feature of the damage scenario. This was a completely 
unexpected twist, as it was thought at the time that the 
laser output from the particular laser unit was unpolarised. 
The polarisation, and i'ts relationship to the ripple 
damage has since been universally confirmed by authors 
discussing similar damage on other materia~s. 
7. The transverse character of e-m radiation made matching of 
the proposed intensity hot spots with the direction of the 
melts impossible, until the presence of a surface wave was 
proposed. This proposal was the main burden of the 1975 
publication. 
8. The proposed surface wave allowed deductions to be made 
concerning the surface wavelength of the ripple pattern. 
This aspect is particularly interesting, because all our 
observations on patterns on germanium using normal 
incidence . showed a surface wavelength marginally larger 
than the·free .space.wavelength, with some variance. 
The 1975 publication offered an account ·of this feature. 
Since then, other workers have observed a wide variety of 
surface wavelengths: usually close to the free space wavelength, 
* on a variety of other materials 
but needing especial att·ention were those reporting surface 
wavelengths shorter, even considerably shorter, tharr the free 
space .wavelength.. A refinement of the earlier hypothesis was 
needed to deal with this. The required refinement has been 
pnoduced as the climax of the present work. This is how it 
happened. 
It was decided to attempt to model in some detail the heating 
processes in germanium as a function of time and depth into 
the material as the laser beam intensity grows and decays. 
The complexity. of the interactions was recognised, and the 
necessity of simplifications accepted; yet a policy of retaining 
as many aspec·ts of the model as far into the development as 
possible was operated. This was to .allow elements which had to 
be simplified out at earlier stages to be picked up again later 
with maximum ease as the levels of sophistication of the modelling 
were increased. 
The basic requirements for such a model were (a) detailed accounts 
of the behaviour of relevant material parameters as a function 
of temperature, and (b) suitable computer software. It was 
considered a good idea to deal. first with the "more straigh t-
forward" parameters such as specific thermal capacity, thermal 
conductivity" etc., .and then to move into the assessment of the 
optical parameters as a function of temperature via conductivity 
data. 
This was a long and painstaking process. 
I 
However, as a necessary part of this work, the parameters t and 
,,-" for germanium were evaluated and tabulated over the temperature 
,. 
, 
· ' , 
" 
9.6 
range 300K - 1200 K. 
Then the exciting part happened. The dependence of the surface 
wavelength of the ripple damage pattern was calculated, and found 
tG correspond closely to the observations on germanium. 'This, 
of course, was very encouraging. 
But there was a feature which had been disturbing right from 
the time of the earliest observations. The refractive index 
for ,free space is I, that for germanium is 4, ,yet the patterns 
in the surface had a periodicity of ~ ~o. Why,why, why 
did the free space side of the surface interface appear to 
"over-rule" the, germanium side of the boundary when it came to 
determining the surface wavelength??? 
It was in contemplating this question through the relationship 
(see chapter 8) , 
f / 
that a breakthrough 'took place. 
The answer is fascinating. As might be expected, the 
, 
relationship for f is symmetric in £" and £2 ; that is, 
each d:ielectric has an equal "say" in determing the surface 
wavelength. If € I = 1 (free space), and E:i. = £.' - jE. 1/ 
(germanium)., the expression becomes 
f 
, , rr 
E: - J € 
, 
\ 
in which clearly the germanium becomes the "heavy weight". 
As a consequence f ---+-1, and the surface wavelength ~ >'0; 
that is, as a co~sequence of germanium dominating the relationship, 
the surface wavelength becomes Ao!! I,! ! ! !. 
This led on to a general examination of the surface wavelength 
as a function of e' and (;. If. It was realised that as the 
temperature of any material approached that of melting point (the 
condition appropriate to pattern formation), a variety of 
combinations of £' and £" are possible. A feedback mechanism 
could be postulated that would tend to ensure that under laser 
I I 
irradience, the value of e,' would stabilise such that' e "'. ~ J __ ._ ... ~ , 
or slightly negative. According as to £.' >0(' I.. ,..,.- 0-7, 
so the surface. wavelength >'z > 0'- < Ao. By how much 
depends primarily on the value of €. If; if e" is large, ~%. ~ }.D • 
It became possible to provide a reasonable account of those 
cases. where the surface wavelength X'Z (.>'0, as well as 
for those cases where At '> )... In particular, the initially 
unexpected look of Isenor's results with Ni PI fall into 
x -x 
What still needs to be done? 
. I . 
Clearly, an accumulation of detailed data for €. and e.'" for 
the materials on which the ripple patterning' has already. been 
observed and recorded needs to be obtained, particularly values 
pertinent near the M.P. temperatures. A wide range of data 
here to consolidate the prediction of surface wavelength would 
indeed be welcome. 
----
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A great deal of work still needs to be done to achieve a run 
of the model of germanium under irradiation. The basic require-
ments of a numer~cal solution are presently available. Detailed 
computer software needs to be completed. 
A new line of investigation recently opened up has been 
mentioned already. It is presently much too early to have 
anything resembling a conclusion. But the proposition under 
consideration is recorded. 
It is well known that the reflectivity of a metal reduces 
under intense laser irradiation. Ready quotes the energy 
coefficient 'for silver dropping as low as 5%. The reflectivity 
minimum occurs before melting, in which case the metal fully 
recovers its reflectivity after cessation of radiation. 
One way of describing the situation might be that for the 
irradiated metal I w· €. drops to near zero, and E. has a low value 
:around unity. This might occur if the relevant surface 
concentrations of electrons were reduced to sufficiently low 
values (N'~1025m - 3). from the normal levels (N -=- 1028m ~3'). 
Some investigation of this proposition has been carried out ,. ". 
wi th findings which are somewhat discouraging., However', the 
.reflectivi ty ~ fall drastically! And the Loughborough 
Physics Staff confirm that they are not aware of·a satisfactory 
explanation of this phenomenon at the present time. 
So alongside the solid achievement to date, there remains 
plenty to challenge for the future. 
, 
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A 1 
Fig. A 1. 
Germanium output mirror, 
shoWing damage. 
Fig. A 2. 
"Streaks" of A -pattern 
damage viewed under dark 
field illumination. 
I . 
. , 
AlV 
Fig. A3. 
The ). -pattern extending over a range of many 
wavelengths. 
Fig . A4 . 
S.E.M. ot ~ - pattern . 
Not e fault running obliquely across the pattern. 
I ~ 

A2V 
Fig. A 5 
S. E. M. of A- pattern. 
Showing the boundary of the region of damage. 
The region contains the view shown in Fig . A4 . 
10 "u"'" 
Fig A 6 
S.E.M. showing a boundary region similar to that depicted 
above. 
The 'A - pattern is clearly shown to be thickness and 
height variations of the fine pattern at the damage 
region edge. 

A3V 
Fig. A 7 
Optical micrograph of the >.. -pattern . 
,. 
Note the loss of strength to centre right of picture , where 
pattern gets "out of step". 
This feature supports the interpretation that the pattern is 
built up (as bricks lay together to form a wall); as distinct 
from a surface wave (originated somewhere off picture) 
sweeping over the area generating the pattern. 
Further , as the pattern builds up over about 105 laser pulses , 
it is unlikely that the oscillator is as consistent as the 
pattern , which is evidently stable in space , would suggest . 
The evidence suggests that the pattern location is determined 
by the condition of the material near the surface . 
Fig . A 8 
Kundt's famous dust experiment for sound reproduced here for 
electro-magnetic waves! ! 
The "dust" is material removed from adjacent regions of heavy 
damage. A picture of the debris is available in the attached 
publication (Willis and Emmony) . 
I . 
. -
.-

A4V 
Fig . A 9 
Melting and material removal at intervals 
of Ao (= 10.6 ym). 
Fig. A 10 
The same region, shoWing detail of melting . 
Observe at the edge of the damage the typical "spearhead" 
of the fine patter n . 
I . 

A5V 
Fig. A 11 
T.E . M. of the fine pattern. Formation of the "spearhead" 
features is discussed in attached paper. 
Fig . A 12 
The fine pattern reproduced on a macroscopic scale in iCe. 
A hot blade of steel is plunged into the ice to rapidly 
melt a trough. The melt is rapidly refrozen, leaving 
the characteristic surface profile. 
Both water and Germanium expand on freezing. 
,. . 
I . 
. , 

I 
. I 
Fig. A 13. 
Showing fine pattern extending over some 100 ym. 
Note fault (scratch) passing through fine pattern at 
obl ique angle indicating that direction of pattern is 
independent of sur£ace features. 
A7 
In the centre of the picture, the ~-pattern is seen at 
an early stage of development . 
I . 
, 
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Laser mirror damage in germanium at 10.6 /Lm 
D. c. Emmony, R. P. Howson, and L. J. Willis 
Loughborough U"j~l'Sity of Technology, Loughborough. Leicestershire. United Kingdom 
(Received 24 August 1913) 
Damage in the germanium output mirror of a TEA COl laser shows a periodicity of 10.6 J.1Ol. the 
laser wavelength. A mechanism is proposed in which scattered and cavity radiation interfere. An 
interference mechanism is confinned by experiments outside of the laser cavity. Periodic damage is 
obtained in thin films irradiated at angles other than the normal where the fringe spacing is 
modified. 
An Important limiting factor in the high-power opera-
tion of lasers Is the damage threshold of the optical COm-
ponents of the laser system. 1 The development of trans-
versely excited atmospheric pressure (TEA) lasers has 
demanded the development of Infrared materials capable 
of withstanding peak powers above 10 Mw cm-'. High-
thermal-conductivity high-reflectivity gold-coated cop-
per alloys are widely used for high -reflectance surfaces 
and Single-crystal dielectriCS are used as partially 
transmitting mirrors. Uncoated germanium In particu-
1ar Is often used as the output coupling reflector because 
of its simplicity and cost, as well as possessing a satis-
factory dielectric reflectance (78% at 10.6 I'm). 
We have built and operated a TEA Co, laser and ob-
served damage in the uncoated germanium surfaces of 
the output mirror. The laser was similar in design to 
that described by Lamberion and Pearson' but featured 
some simplifications, such as simple racUussed elee-
trode~ and slow gas flow rates (one complete cbange 
every 2 mln). One end of the Laser cavity was a gold-
coated MrCOnium -copper concave mirror with a radius 
of curvature of 10 m. Ontput coupling was achieved by 
a 5-mm-thick uricoated germanium etalon. No polariZ-
ing elements or mode selecting apertures were in the 
laser optical cavity. 
The laser consistently gave an output with a total en· 
\ 
FIG. 1. Germanium etalon (diameter 3.75 cm) showing 
damaged surface and coarse bar structure. 
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ergy of 2-4 J depending upon the input energy, with a 
puise repetition rate of 1 Hz. Tbe output pulse was mea-
sured with a Ge photon drag detector' and was similar 
to those observed by other workers, 2,4 that is a pulse 
80 ns long at FWHM followed by a long tail lasting up to 
600 ns. It was estimated that 90% of the laser energy 
was contalned In the Initial high -power pulse. Tbe out-
put pattern was observed on a graphite block and showed 
some bar structure paralLel to the pLane of the . 
electrodes. . 
Damage was observed on the Inside surface of the 
germanium etalon after apprOximately 10' discharges. 
At the stage In the development of the surface damage 
at which this could be seen the output energy of the 
laser remained apprOximately constant. Tbe damage 
covered approximately 10% of the mirror surface 
(Fig. 1). Similar damage has also been produced on 
four other germanium etalons and shows similar fea-
tures. The hOrizontal bars in Fig. 1 correspond to . 
those In the near-fieLd pattern of the laser output and, 
as might be expected, correspond to the most Intense 
region Inthe laser output. 
. Figure 2 shows one area with regular bars which are 
apprOximately at right angles to the coarse bars visible 
in Fig. 1. Tbe spacing Is 10.6 I'm, the wavelength of 
the laser radiation. 
The depth of the damage was measured with a Taly-
FIG. 2. GermaniUm surface viewed under dark-field 
illUmination. 
Copyright © 1973 American Institute of Physics 598 
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FIG. 3, Formation of interference fringes by interference of 
scattered and. incident laser radiation, 
step' and was approximately 0.5 I'm. 
In the laser cavity, radiation only propagates normal-
ly to the output mirror of the laser. For damage to 
occur with a periodicity corresponding to the laser 
wavelength a mechanism must be invoked in which ra-
diaton propagates with a component velocity along the 
surface and hence normal to the laser beam. One such 
mechanism may be scattering from dust or other parti-
cles on the mirror surface. In the laser used in these 
experiments the mirror was 10 cm from the discharge 
region and therefore liable to be contaminated by metal 
particles generated when an occaSional arc i8 formed. 
If it is assumed that a scattering centre is formed on 
the mirror surface then wavefronts may propagate ra-
dially as shown in Fig. 3. Interference between the 
scattered and cavity radiation can now proceed and 
interference fringes will occur with a spacing corre-
sponding to the wavelength of the laser at 10.6 I'm. 
Incident 
wave ron s 
FIG. 4. 1,2,3, etc .. are wavefronts in the incident laser 
beam. For radiation scattered to the right, with a component 
towards the laser OA=Al, OB=B2, OC= C3, etc .. and for 
radiation to the left OX=Xl, OY= Y2, OZ=Z3. etc. The re-
sulting interference pattern is shown at the bottom of the dia-
gram c~rreBpond1ng to Fig. 5. 
Appl. Phys. Lett .. Vol. 23, No. 11, 1 December 1973 
FIG. 5. O. I-pm-thick germanium film on glass substrate. 
The film has been scored and irradiated with one pulse of 
laser radiation. 
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We have made further preliminary experiments out-
side the laser cavity to verify the sugg~~_ted damage 
mechanism." A thin film of germanium, O. 1 jim thiCk, 
on a gLass substrate was inserted in the near field of 
the laser output and the parallel damage structure was 
reproduced. Damage could be more easily produced 
if the film was first scored and damage fringes were 
produced parallel to the scratch. Further proof of sur-
face scattering and interference was obtained by tilting 
the germanium film about the axis of the scratch in the 
film and to the axis of the laser beam, Fig. 4. 
Interference will occur when OX= lX, OY=2Y, etc., 
in forward scattering directiOns and OA = lA, OB= 2B, 
etc., in the backward direction; in which case the spac-
ing of the fringes is given by 
d= ~/(i± sln8), 
corresponding to the two cases where the scattered ra-
diation has a component of velOCity towards or away 
from the incident laser beam. Figure 5 Is a photOmicro-
graph of a germanium film tilted by an angle of 30· 
from the normal to the laser beam. The right-hand 
edge of the film was towards the laser. Damage bars 
can be seen on both sides of the scratch, with spaclngs 
of 7.3 and 19.9 IJ.m. These values are in good agree-. 
ment with those predicted by the above equation. 
The most interesting feature In the surface damage 
is the predominantly parallel nature of the damage bars 
with a spacing which may be explained by the interfer-
ence mecbanism. If the radiation is scattered isotropiC-
ally at centres (wbatever these may be) on the surface 
of the Laser mirror, then a circular interference pattern 
might be expected and not a series of parallel lines. A 
Possible explanation of this effect may be obtained by 
considering the part played by the bar structure which 
is clearly visible in the laser near-field pattern. ThIs 
shows that the intensity ls not uniform across the Laser 
beam. If isotropic scattering commences at a point of 
600 Emmony. Howson. and Willis: Laser mirror damage in Ge 
high intensity, interference will occur symmetrically 
around the centre. However, if the radiation intensity 
falls rapidly in all directions except along the direction 
parallel to the surface of the laser electrodes, then high 
radiation intensities will only occur in the interference 
fringes along this direction. A mechanism is therefore 
envisaged which will generate damage at the laser 
wavelength along the large bars in the laser output 
pattern. The damage marks which will initially be in 
line, along the centre of the high -intenSity regions, may 
then act as a diffraction grating with a spacing corre-
sponding to that of the laser radiation. The first-order 
diffracted beam will therefore lie in the surface of the 
Appl. Phys. Lett., Vol. 23, No. 11, 1 December 1973 
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mirror and consequently a high proportion of the scat-
tered radiation will be in this plane. The damage then 
grows along the normals to the row of initial damage 
points. . 
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Conclusions 
Structured damage patterns have been observed on ger· 
manium mirrors used in TEA CO2 lasers. Two regular 
pattern intervals occur orthogonally. The patterns result 
from melting of the germanium following the formation of 
avalanche currents in response to the electric field of the 
incident laser radiation. The orientation of the linear 
current tracks follows the predominant polarization of the 
laser radiation. The proposed sequence of pattern growth 
is avalanche formation, linear melting, constructive inter· 
ference between the incident radiation and the field of the 
induced current doublet, followed by initiation of new 
avalanches conforming to a regular array. The near field 
within the germanium gives rise to broadside pattern 
growth (-1.7 jlm spacing), whilst a surface wave produces 
new avalanches and/or increased damage at a spacing close 
to the free space wavelength (Ao ~ 1O.6jlm). 
Similar effects have been observed in germanium thin films 
on a glass substrate external to the laser cavity. It has been 
demonstrated that the fine pattern orientation follows the 
plane of polarization of the incident radiation in this case. 
Patterns have also been observed on silicon. These were 
produced external to the laser cavity by a focused beam, 
and showed similar fcatures to those on the germanium 
etalon. 
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Fig.23 SEM showing propagation of avalanche doublets 
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rI'A Normalized 
distance from doublet 
Fig.18 The electric field components radiated by a doublet in 
free space. The in-phase (Ep) and quadrature (Ea) components are 
shown with reference to the oscillating electric current 
Induced doublet 
0.5 
r 
New avalanche 
forming 
-.'-----:-_---------' 
Fig.19 The formation of a new avalanche event in the region of 
constructive interference between the incident laser beam and the 
near field of the induced doublet 
The length of the current track, and the associated melt in 
the germanium surface, increases with each laser pulse. 
Over regions wherc the irradiating laser intensity is just 
below breakdown threshold, the electric field enhancement 
at 0.7 AGe provided by the near field of the linear current is 
likely to produce a new avalanche current parallel to the 
first. This represents pattcrn growth in a 'broadside' 
direction (Figs 19 and 23). Since a progressive wave with 
an electric field component in the plane of the interface 
cannot be sustained due to the boundary conditions, only 
the near field of a doublet is significant in new broadside 
avalanche formation. 8 Consequently, in the broadside 
direction only the adjacent current influences the growth 
path of a fresh avalanche. 
Surface wave effects 
The fine pattern represents an array of co-phased currents 
oscillating at the frequency of, and in phase with, the 
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incident laser field. In accord with electro-magnetic field 
theory, a surface wave will be launched in the dielectric 
interface formed by the mirror and gas. The direction of 
maximum intensity is along the axis of the current track. 
The polar diagram for a doublet is shown in Fig.20a. An 
array of such doublets will modify the polar diagram so as 
to increase the electric intensity of the surface wave in the 
direction of the current axis (Fig.20b). A surface wave has 
an electric vector En perpendicular to the interface and a 
component EL in the direction of propagation (Fig.21). A 
surface wave is an inhomogenous electromagnetic wave 
guided along the interface.9 The lines of constant phase and 
of constant amplitude are shown in Fig.22. 
For a surface wave travelling over germanium the angle of 
tilt 0 is """'-' 14°, and the longitudinal component of the elec-
tric field in the direction of propagation, EL, has a magni-
tude of 0.25 En. Consequently EL has a significant magni· 
tude, and is correctly oriented to influence the current 
magnitude in the avalanche tracks. The phase of the inci· 
dent laser radiation relative to that of the surface wave is 
important. The phase will enhance at intervals of-Aa, the 
free space wavelength, across the surface. At these locations 
an existing current may be increased (Fig.12), or a new ava-
lanche may be created as the field strength is raised over 
threshold (Fig.23). In either case, surface damage due to 
melting will be greater and display a periodic interval of 
-Aa_ This is the A pattern, which is observed in regions of 
moderate damage. 
The exact interval for the A pattern will be the distance AB 
in Fig.22 which will be given by Aa sec o. For a germanium 
interface, the pattern interval is: 
x = 10.6 pm x sec 
'" 10.9pm. 
14° 
00 = 
• b 
Fig.20 Polar diagram of radiation for: a doublet; b - an array 
of doublets in a dielectric interface. The plane of the diagram 
corresponds to that of the dielectric interface 
E 
B 
Free spoce direction 
of propagolion 
• 
))););;));));;));) ; 
Eot~E _ Germanium dielectric 
"""-----EL 
Fig.21 The components of electric field of a surface wave pro-
pagating in a dielectric interface. There is a field component in the 
direction of propagation 
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Fig.15 SEM showing fissures in mirror surface 
Fig.16 SEM of debris on mirror surface around regions of severe 
damage 
Various mechanisms have been proposed for the initiation 
of damage following absorption around defects in the 
crystal structure. 5,6 The mechanism relevant to the growth 
of periodic damage of the type discussed above is the forma· 
tion of electron avalanches. This involves the existence of 
low ionization energy centres such as scratches, dislocations, 
etc in the germanium surface. A defect acts as a source of 
carriers which enables the avalanche current to form and 
grow in the direction of the exciting electric vector of the 
radiation field. 
The laser radiation was partially plane polarized with the 
maximum electric field intensity perpendicular to the cavity 
226 
electrode surfaces. This was due to the existence of whis-
per modes (Fig.17) which involved reflections from the 
electrode surfaces and a consequent enhancement of El 
(the electric intenSity normal to the plane of the incidence) 
over E,. The reflectivity for El is greater than for E, for 
glancing angles at a metal surface. 7 The interaction of the 
whisper modes with the main cavity beam gave rise to a 
beam intensity which was not uniform over its cross-
section. This is indicated by the damage structure (Fig. I). 
It folJows that particular areas, some?t'here between maxi-
mum damage and no damage, were irradiated with an inten-
sity just at the threshold level for avalanche formation. In 
these areas only the maximum field jnt.ensily occurring 
during a laser pulse will be sufficient to generate an ava-
lanche. The maximum field strength will occur in the 
direction of El. The avalanche currents are therefore in 
the direction of El, which is parallel to the laser c;,ctrode 
surfaces. The periodic damage has been observed in such 
threshold regions, where the damage is slight. 
The avalanche current excited by the laser radiation re-
radiates energy at ........ 1013 Hz. The most usual case dealt 
with in the radio antenna literature is that of an oscillating 
doublet radiating into free space. Here the situation is that 
of a radiating doublet in the interface separating two semi-
infinite dielectrics (considering the dimensions of the 
germanium mirror as very large in comparison to a radiation 
wavelength of I 0.6/lll1m in the germanium, where 11 = 4 is 
the refractive index). The radiation from the oscillating 
doublet interferes with the laser radiation, and in regions of 
constructive interference the probability of forming a new 
avalanche current is increased. . 
The constructive interference patterns which give rise to a 
regular array of avalanche currents, and therefore to surface 
damage with structured appearance, will be discussed in 
some detail. The doublet near field inside the germanium 
gives rise to the fine pattern, whilst the surface wave in the 
interface causes the X pattern. 
Near field effects 
The fine pattern has a spacing of approximately 1.7 11r11 
with some variation about this value, (spacings from 1.4 pm 
to about 2.1 IlIn have been observed). Since there is a self· 
reinforcing pattern, the individual currents must be in phase, 
and therefore maintain a consistent phase relationship with 
the incident laser radiation (in this case the reactive com-
ponent of the current element impedance only influences 
the phase slightly). The simplest condition for this to occur 
for a row of short doublets is with a spacing of -0.7 A. At 
this distance the near field of a doublet (Fig.IS) would in· 
duce an in-phase current in a resistive element. 
Nickel electrodes 
Fig.17 Formation of whisper modes between electrode surfaces 
and laser cavity mirrors 
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Fig.12 >.. pattern as coordinated thickness variations of the fine 
pattern 
tinuous across adjacent A pattern ridges. In regions in 
which the damage is not severe, the A pattern can take the 
form of variations in the thickness of the fine pattern cen· 
tral ridge (Fig.12). Note that the thickness variations are 
co-ordinated across the fine pattern line structure. The 
A pattern has also been observed as a series of melted and 
dispersed fine line ridges (Fig.13). Another region with 
X pattern and fine pattern together, but more severely 
damaged, is shown in Fig.14. 
Fig.IS shows an area which has been heavily damaged. 
Deep fissures in the surface making acute angles to the 
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Fig.13 SEM showing formation of A pattern by melting and dis-
persion of fine pattern ridges 
Fig.14 SEM showing A and fine pattern in more severely damaged 
region 
A pattern can be seen. The fissures are due to cleavage 
along the crystal planes to relieve thermal stresses in the 
surface following absorption of laser radiation. There is no 
relationship between the orientation of the A pattern and 
the cleavage cracks. The edges of the cracks are rounded, 
suggesting melting. A grey powder collects on the surface 
on and around the severely damaged areas. Individual par· 
ticles are re-solidified droplets of germanium (Fig.16). 
There is just a hint of facets on some of them. 
Damage mechanisms 
Avalanche formation 
The onset of damage in the germanium surface must result 
from the absorption of laser radiation in that surface. 
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The cross-section which is shown in Fig.9 results from a 
process of melting and refreezing (Fig. I 0). The germanium 
within the boundary of the mark is melted by the laser flux, 
and because of the higher density of the liquid occupies a 
smaller volume (Fig.lOa). Re-solidification begins at the 
perimeter, locking a depression into the surface contour 
(Fig.lOb). 
As re-solidification is completed, a central ridge is formed 
,nab ling the former volume of solid to be regained. The 
::entra! ridge is then above the original surface level. The 
density of germanium at 25°C is 5 323 kg m-3 (solid) and 
,t 960°C is 5 571 kg m-3 (liquid)4 
Some areas of the damage clearly show the A pattern and 
the fine pattern in co-existence (Pig.Il). The two patterns 
"e orthogona!. The fine pattern is not necessarlly con-
:ig.7 SEM of fine pattern along surface mark 
!24 
Fig.8 Transmission electron micrograph of replica of mirror sur-
face showing tips of fine pattern lines 
Fig.9 Cross-section of fine pattern line in Fig.S 
• 
b 
;~ 
Solid-liquid 
interface 
Fig.l0 Development of the surface contour: a - initial melted 
surface region; b - resolidification occurs at --- and surface 
contour is frozen from the edge 
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Fig.2 Extensive A pattern 
Fig.3 'A' and 'fine' patterns 
The damage structure 
It will be seen in Fig.! that the damage occurs with regions 
of heavy damage and of less severe damage, and that a tend-
ency to form in bars is apparent. The bar structure is paral-
lel to the laser electrode surface and is not a function of 
crystal orientation. 
Magnification reveals the A pattern bars extending some 
hundreds of wavelengths (several millimetres), the bar 
pattern direction being perpendicular to the laser electrode 
surface (Figs 2 and 3). The A pattern is seen in moderately 
damaged regions and becomes increasingly difficult to dis-
tinguish in severely damaged regions where melting and 
thermal stresses disrupt the regular surface pattern (Fig.S). 
The fine pattern is most easily observed in regions where 
damage is very slight. It takes the form of lines separated 
by -1.7I1m, parallel to each other, and extending up to a 
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few tens of micrometres (Fig.6). They are sometimes in 
association with a surface mark (for example, a shallow 
scratch) on the mirror surface (Fig.7). The direction of the 
fine pattern on the laser mirror was parallel to the laser elec-
trode surfaces and largely independent of the direction of 
the surface mark. A surface scratch nearly parallel to the 
fine pattern direction may 'capture' and deflect a line of the 
fine pattern (Fig.7). A feature of interest is the fine pattern 
line termination where it merges into the undamaged 
surface. 
Fig.S is an electron micrograph of the tips of the fine pat-
tern lines. The central region is raised above the mirror 
surface level, while the adjacent regions are slightly de-
pressed. The appearance is similar to that of a 'spearhead'. 
Fig.4 Scanning electron micrograph (SEMI of area showing fine 
damage with a spacing of ...... 1.7 .um . 
Fig.S SEM of region where melting and thermal stresses have dis-
rupted the regular I\. pattern 
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Laser damage in germanium-
L J. WI LLlS, D. C. EMMONY 
We present a photographic study of areas of damage which occurred on a 
number of germanium etalons used as output mirrors of a pulsed CO2 TEJ 
laser. A search of the damage revealed certain characteristics which appea 
at many locations on any particular etalon face, and on each of the sever<; 
eta Ions used. The damage on the inside cavity face was always greater, ba 
in extent and in depth, than that on the outside or exit face of the etalon. 
However, the patterns observed showed similar characteristics on both faces. 
A detailed description of the topographical features of the damage is given 
followed by an account of the proposed damage mechanisms. 
A simple explanation of the periodic damage which occurs 
on a single crystal germanium TEA CO2 laser window has 
been given previously,! Interference between the cavity 
radiation and scattered radiation was considered to be the 
damage mechanism. A more detailed study of the surface 
damage in its different stages confirms this. 
The damage processes described below have been observed 
in single crystal near intrinsic germanium output mirrors. 
The mirrors were plane parallel cryslal slices 6 mm thick, 
flat to X/4 of Hg green light, and parallel to 5 seconds of arc. 
Fig.l is a photograph of a damaged germanium laser mirror. 
The laser has been described previously. The main features 
are: quasi·Rogowski nickel plated steel electrodes, and an 
active volume of 2 cm x 2 cm x 60 cm. The laser resonator 
cavity comprised the germanium mirror and a 10 m radius 
of curvature gold coated zirconium-copper total reflector. 
The laser was operated with a slowly flowing atmospheric 
pressure gas mixture consisting of He: CO2 : N2 in the ratio 
4: I : 1, and the electrical input energy was varied between 
20-40 J with a corresponding output energy range of 
2-4 J. The output pulse profile was measured with a ger· 
manium photon drag detector 2 and was similar to those 
observed by other workers, 3 that is a pulse 80 ns long at 
fwhh followed by a tail lasting -600 ns. 
Several germanium mirrors have been damaged, and all the 
mirrors examined show similar features. Electron micro-
scope examination of the germanium surfaces shows evi-
dence of melting and large thermal stresses. Where the 
damage was not so severe as to cause obliteration, two 
periodic patterns were visible. The period of the larger 
pattern is -1 0.6!1m (Fig.2). (The laser free space wave· 
length is 1O.6!1m.) This pattern will be referred to here as 
the 'X pattern'. The smaller pattern, which will be termed 
the 'fine pattern', occurs perpendicular to the X pattern 
when the two are in association (Fig.3), although the 
X pattern is not always in evidence (Fig.4). The period of 
D. c. Emmony is in the Department of Physics, University of Tech· 
nology, Loughborough, Leicestershire, UK and L. J. Willis is in the 
FaCUlty of Science, College of Art and Technology, Derby, 
Derbyshire, UK. Received 3 June 1975. 
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Fig.1 Damaged germaniUm mirror 
the fine pattern is not constant even over distances as short 
as 10 !lm, but is in the range 1.4!1m to 2.1 !lm with a usual 
value -1. 7 !lm. 
The observed dimensions of the periodicities show good 
agreement with those predicted by the field theory for radio 
antennae, when the dimensions are expressed in terms of 
wavelengths. The use of antenna theory is justified if the 
marks in the mirror surface are interpreted as indicating the 
paths of alternating electric currents induced in the ger-
manium mirror surface region by the laser cavity radiation 
fields. The frequency of the induced currents is 
2.8 x 1013 Hz, the CO2 laser output frequency. A descrip· 
tion of the damage is followed by an analysis of the field 
interactions resulting fro~l the presence of the induced 
currents. 
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has been developed for calculating strains from displace· 
rnent fringe patterns and includes compensation for out of 
plane motion and rotation of the object. 
Contouring of three·dimensional objects 
The white·light speckle technique is not restricted to 
measuring deformation; it can also be used to determine 
the absolute shape of an objectS A double exposure is 
made during which a small rotation of either the camera 
about the object or the object itself has taken place. Con· 
tour fringes appear in the spatially filtered image generated 
from the processed negative (Fig.9). They define almost 
perfect planes parallel to the axis of rotation. The planes 
appear to recede in the direction of the slots when projected 
onto the contour fringe map. A rotation of the slots about 
the axis of the lens produces a corresponding change in the 
orientation of the sectioning. 
The contour sections become finer as the rotation angle of 
the object is increased but eventually correlation of the 
speckles is lost at positions furthest away from the axis of 
rotation. In order to recover good contrast fringes over dif-
ferent regions of the object it is necessary to adopt the 
single exposure superimposition technique when reconstruct. 
ing the image. 
It should be noted that the displacemeni or contour in· 
formation would be present even if the object were re-
entrant, since the illumination is located close to the camera 
and thus illuminates nearly all parts of the object seen by 
the camera. This feature is also possessed by some two-
wavelength laser contouring techniques 6 but the equipment 
required is much more elaborate. 
Vibration 
The white light speckle technique has also been applied to 
out-of-plane vibration analysis of a car door. The inner 
panel wassubjected.to large amplitude vibration at 165 Hz 
using an electro-magnetic transducer.· At this~frequency the 
mode pattern shown in Fig.lO'was recorded from an oblique 
direction by the modified camera. In this instance the dur· 
ation of the flash was long enough to cover at least one 
cycle of vibration. . 
Fig.S Reference fringes superimposed on a small deformation 
Fig. 1 0 Vibration mode appearing in a car door when vibrated at 
165 Hz 
Conclusion 
White light speckle photography using a masked aperture 
camera offers a new method for assessing both the deforma-
tion and the absolute shape of the surfaces. This method 
offers a controllable sensitivity and is applicable to a 
variety of objects. It is particularly suitable for large objects 
when other techniques may fail due to lack of illumination 
or to the foreshortening of the applied grid pattern. Where 
the object is subjected to tests over long periods an histori· 
cal comparison of deformation states is possible using the 
single exposure superimposition technique. 
The author would like to thank his colleague, Dr 1. M. 
Burch, for the many useful discussions during this work. 
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example, a spherical case can be solved by the same approach. Results of studies in wax 
and other materials are to be published elsewhere. 
5. Conclusions 
A simple model of melting and resolidification has been used to explain the damage 
contours on germanium in the region where damage is indenting into the germanium 
surface. The model only assumes matter conservation and resolidification at the solid-
liquid boundary. A single computation has predicted the shapes of the surface contours, 
which are in good qualitative agreement with those shown by electron microscopy. It is 
clear that the surface recontouring following melting and resolidification is a fundamental 
process applicable to many different solids where TJ is not n:cessarily less than unity. 
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The position of the crossing zero of the function is given by g= 1/3, showing that the 
positive-going part of the function is cramped to lie near the origin. 
In this section we have demonstrated that with certain stringent but plainly sensible 
assumptions a simple theoretical curve shape for the resolidified surface results. The 
normalized deviation of the original surface has been computed as a function of the 
normalized width g for a circular-section melted zone on a germanium surface corres-
ponding to figure 4(b). 
The surface contour has been plotted for ten different values of l>. the incremental 
solidification layer thickness. The procedure for computation was as follows: 
The quantity g* was first computed from the relation 
(22) 
where g* is the position at which the. surface makes the transition from solid to liquid. 
The left-hand side was given ten incremental values between 0 and I. The surface of the 
liquid part was then computed from the relation 
/LCO =g*"-~ g*(3,-I) + 2." +(g"-e*') (1-."g3(,-I) (23) 
. ho . (3.,,-1) (3.,,+1) 
for values of g between 0 and g*. 
Finally, the complete surface shape was evaluated by continuing /L(eJ!ho into X(e) 
. in the range g*,,;; g,,;; I, thus giving the total solution . 
. Note that the theoretical maximum height of the final solid surface is given by 
equation (17) setting g=O and we have 
(24) 
so that the bump in the middle deviates from the original surface by the amount 
(25) 
Although it may seem eminently sensible to use this feature as a diagnostic tool, measure-
ment of this deviation is in practice very difficult. All we can really do at this stage is to 
offer a qualitative view based upon a theory which clearly fits the facts. 
3. I. Computed surface contours r---~ 
The normalized deviation from the original surface IfLCO/ho-11 I 
a function of the normalized width xlto for a circular-section melti I 
surface corresponding to figure 4(b).- The surface contour is pi 
proceeds in figure .5 .. Curve A represents the initial circular 
B-J have liquid and solid components and represent intermedia 
is the completely resolidified surface. 
4. Discussion 
The theory and experimental observations presented in this pap'1 
minimum of theoretical hypotheses, the problem of melting ani 
example, germanium can be solved in a simple and compact f! 
this theoretical treatment, are however worthy 'of further discus! 
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solution in which we also assume that rL~I,Is(I) etc. This immediately yields the result 
rL""I/(d/s/dl) (11) 
from equation (6). 
Substitution of equation (11) into equation (10) and the use of the large rL approxi-
mation then gives us the equation 
Mo = 2ps J:' /s(x) dx- psl03r3ro- 2 (ps- pL) 13/3ro+2psl/s(I)-t212pL (d/s/dl) (12) 
whi~h by differentiation, leads to the equation 
do/s d/s I 
-jPLI-d 2+C!PL- ps)-d +(pS-pL)-=O. t t '0 
Now scaling the variables and writing TJ=PS/PL, g=I/lo and X=/s/ho, we have 
~ d"X +(t-TJ) dX - 2 (I-TJ) =0 
3 dg 2 dg . 
(13) 
(14) 
The boundary condition to be applied is that when I -+ 10, d/s/dl -+ (slope of the initial 
liquid curve). This easily produces the result 
(d~) =2 (I-TJ). d, ,-1 
Returning now to the integration of equation (14) we then obtain the solution 
dX/dg = 2g - 2TJgI3 ,-2) 
which can then be integrated once more to give the final solution in the form 
X=g"-2TJ gI3H )/(3TJ-I)+2TJ/(3TJ-I). 
As a further check of theory, note that if we write Xl = X - I, 
J~ xldg= J~ "~"-2TJ gI3H)/(3TJ- 1)+(1-TJ)/(3TJ-I)1 dg=O 
(15) 
(16) 
(17) 
(18) 
showing that, to this order of approximation, matter conservation i,,-s :o.sa"t"is"fi",e",dc:..' _____ . ___ _ 
Some comment on the shape of the above curve is relevant td 'I 
experimental section. Firstly, note that the curves all exhibit statio! 
at g =0. Secondly, the position of the other stationary point is give'; 
. Wdx/d,_0=(lh)[1/3IH)J. ! 
I 
Note also that the solution becomes unstable if TJ < t as dX/df-+ <Xl i 
conditions. This does not infer an actual instability, but merely th 
approximation breaks down. In practice, TJ is very close to unity so I 
sort do not arise. If we write TJ = I - S, we then have the solution ofil' 
form 
(0dxld,-0"" [1/(1 _S)]I-1/38) ",,2/3 I 
which is independent of S. The other characteristic feat~re of the j 
'at which the solution. crosses the horizontal axis. The point is only' 
analytical terms in the special case TJ=2/3 for which the solution is J 
Cxl),-2/3 = go - 4gj3+ 1/3. 
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always be instantaneously spherical so as to minimize the free energy. In what follows 
the solid will be considered as an isotropic continuum and thermal losses will be assumed 
to be dominated by conduction into the solid base. 
We consider an initial situation when an area of the germanium surface region has 
been melted to form a pool with liquid-solid interfacial radius TO. The liquid-vacuo 
interface is then regarded as circular with radius Ti, because of the influence of surface 
tension. The liquid~vacuo surface may be concave or convex. In germanium at its 
melting point the densities of the liquid and the solid are PL=S·S7x l()3kg m-3 and 
ps=S·21 x 103 kg m-3 (Shaskov 1961) respectively. Therefore, the volume of molten 
germanium is less than that of the same mass of material in the solid phase. The surface 
of the liquid will fall below that of the original solid as shown in figure 4(a). The central 
depths of the solid-liquid and liquid-vacuo interfaces are ho and h, respectively. Here 
10 is the initial distance from the centre of symmetry to the edge of the pool. 
(0) 
I 
I 
I 
I 
I. 
I 
----, 
Vacuo _ 
/: 
ro I 
I 
I 
- - - - I - - - - - --><r..,.--,..-
~·~rt .• 
I 
(6) 
Figure~. (a) Section through initial molten pool. (b) Section through partially resolidified' 
system. 
It may be easily shown that when ho, h, ~ TO, TI, 
. TO!TIc:::.I-ps/pL (I) 
as is required by matter conservation, where ps is the density of the solid and PL the 
density of the liquid. Under the same shallow conditions 
10 c:::. (2Toho)1/' c:::. (2TIh1)!/'. (2) 
.) 
• 
" 
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Figure 1. Antenna-like damage along a surface imperfection in germanium (Magnifica-
tion ,..., x 4000, reduced by x t in printing). 
Figure 2. Transmission electron microscope of melted and resolidificd areas on ger-
manium (Magnification"" x 2000, reduced by x t in printing). 
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Abstract. Considerable. interest centres around the use of germanium as a reflector 
material in high-power carbon-dioxide lasers. An important problem is the damage 
caused to the mirror surface as the result of the dynamic development of imperfections. 
This damage may be caused by an interference process which has been described pre-
viously. A characteristic of the damage which occurs is the melting of the germanium 
~ollowed by resoIidification. This paper describes a certain type of melting pattern 
which depends upon density differences between the liquid and solid phases. The experi~ 
mental phenomenon is first described with reference to germanium laser mirror damage 
and this is followed by a theoretical model of the resolidification process. The results 
of this model are generally applicable to resolidification of molten regions where a 
density difference occurs between the solid and liquid phases, as in paraffin wax for 
example. 
1, Introduction 
It is now well known (Emmony et al 1973, Willis and Emmony 1975) that one of the 
major causes of deterioration of a high-powered carbon-dioxide laser is damage to the 
surface of the commonly used germanium reflector by the intense 10·6 "m radiation. In 
'essence, as soon as the reflecting surface becomes slightly inhomogeneous in its surface 
structure, the process of damage develops as a catastrophe in well defined patterns 
created by the interference of incident and diffracted waves. 
Close examination of the surface damage shows two spatially periodic structures. 
A coarse pattern with a periodicity approximately equal to the wavelength of the incident 
laser radiation and a fine pattern with a separation of approximately 1·7 "m. The coarse 
pattern is generally distributed on the surface where heavy damage has occurred. The 
fine pattern is only seen in lightly damaged areas and at the extreme edge of heavily 
damaged regions. This fine pattern appears to be associated with areas in which damage 
is growing. 
The purpose of this paper is to describe and interpret the topography of the ger-
manium following the formation of molten zones on the surface. A model is proposed 
which describes what happens when the germanium is caused to melt and then allowed 
to resolidify after the source of heat is switched off. The theoretical ideas apply to some 
degree of apilroximation to all liquid-solid systems, but can be regarded as particularly 
pertinent to germanium for reasons outlined in the text. 
All solid materials which melt when heated above a given temperature will, during the 
cooling process, be subject to a redistribution of the solid so that potentially at least a 
new surface contour may be formed. 
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